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ABSTRACT
PAIN MODULATORY EFFECTS OF EXERCISE IN CHRONIC PAIN
Giovanni Berardi, PT, DPT, OCS
Marquette University, 2020
Exercise training is recommended as a first-line treatment in the management of
fibromyalgia due to its ability to improve symptoms and function. However, many with
fibromyalgia report limited tolerance to exercise due to exacerbation of pain and fatigue
during and following participation of a single bout of exercise. The purpose of this
dissertation was to determine the influence of contraction type on local and systemic
experimental pain sensitivity, performance fatigue, and perceived pain and fatigue during
exercise and through recovery in people with and without fibromyalgia.
Experimental and perceived pain were measured before and after a single bout
of submaximal intermittent contractions (isometric, concentric, and eccentric) of the right
elbow flexors in people with and without fibromyalgia of similar age, sex, body
composition, physical activity, and strength. Performance and perceived fatigue were
also assessed with each contraction type. Changes in pain and fatigue were evaluated
immediately after exercise and through the multiple day recovery following exercise.
People with fibromyalgia reported a transient increase in local perceived pain and
fatigue with exercise and no systemic changes in widespread pain and fatigue.
Additionally, there was no change in local or systemic experimental pain sensitivity
across all contraction types. Performance fatigability was dependent on contraction type
as isometric and concentric contractions led to greater reductions in local force
production in the exercising muscle in fibromyalgia compared to controls while both
groups demonstrated similar changes in local performance fatigability following eccentric
exercise. Finally, concentric and isometric contractions led to greater perceived pain and
fatigue in the exercising limb during and following exercise compared to eccentric
contractions. These findings indicate when prescribing exercise to people with
fibromyalgia, the concurrent management of pain and fatigue in the exercising limb is
warranted during and following a single bout of exercise. Additionally, findings from this
dissertation contrast anecdotal beliefs on limiting eccentric contractions in people with
chronic pain.
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CHAPTER 1: INTRODUCTION AND REVIEW OF THE LITERATURE
1.1 Fibromyalgia Management with Exercise
Pain is an unpleasant sensory and emotional experience associated with actual
or potential tissue damage (Raja et al., 2020). Chronic primary pain is pain that outlasts
normal healing time, lasts greater than three months, and is typically associated with
significant emotional distress and/or functional disability (Treede et al., 2019). More than
100 million adults suffer from chronic pain in America, (Gaskin & Richard, 2012;
Relieving Pain in America: A Blueprint for Transforming Prevention, Care, Education,
and Research, 2011) and females make up the majority of the 6% diagnosed with
fibromyalgia which is characterized by symptoms of widespread pain and fatigue.
(Vincent et al., 2013b; Walitt et al., 2015; Wolfe et al., 1995). Pain has become the
number one reason people seek medical care and the increased prevalence has led to
greater personal and societal burden (Gaskin & Richard, 2012; Lacasse et al., 2016;
Relieving Pain in America: A Blueprint for Transforming Prevention, Care, Education,
and Research, 2011). Despite the increased prevalence, clinicians lack confidence in
managing chronic pain (Busse et al., 2008; Magalhaes et al., 2012; Pearson et al., 2017;
Perrot et al., 2012; Synnott et al., 2015) and 50% of patients report little or no pain relief
with medical interventions (American Pain Foundation, 2007), particularly opioid therapy
in people with fibromyalgia (Goldenberg et al., 2016; Painter & Crofford, 2013).
Clinical guidelines and the Centers for Disease Control and Prevention now
recommend exercise training as a first-line therapy to alleviate pain and fatigue, and
improve function in patients with fibromyalgia (Bidonde et al., 2014a; Bidonde et al.,
2017; Brosseau et al., 2008; Busch et al., 2013a; Dowell et al., 2016a; Geneen et al.,
2017). Additional support from the National Institutes of Health Helping to End Addiction
Long Term Initiative is reinforcing the need of research to enhance pain management via
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non-pharmacological pain treatment strategies such as exercise. Although exercise
training has been shown to improve symptoms in some people with fibromyalgia, many
with fibromyalgia report exacerbation of perceived pain and fatigue during and following
exercise participation (Andrade et al., 2018; Bachasson et al., 2013; Bidonde et al.,
2019; Busch et al., 2011; Häkkinen et al., 2000; Jacobsen et al., 1991; Jones & Liptan,
2009), with muscle pain reported as the most common adverse effect of exercise
(Andrade et al., 2020). Further detail of the pain and fatigue response following a single
bout of exercise requires a multi-faced approach to assessment. The combined use of
self-report (perceived) pain and semi-objective psychophysical assessments
(experimental pain) provides greater detail of the pain experience. Additionally,
combined assessment of self-reported (perceived) fatigue and changes in muscle
strength (performance fatigue) provides detail of changes in subjective and performance
measures of fatigue following a single bout of exercise.
1.2 Temporal and Spatial Change in Pain and Fatigue Following Exercise
Despite reports of symptom exacerbation with exercise there has been limited
investigation into the temporal and spatial distribution of pain (Ge et al., 2012; Hoeger
Bement et al., 2011a; Kosek et al., 1996; Lannersten & Kosek, 2010; Meeus et al., 2015;
Rice et al., 2019a; Staud et al., 2009; Staud et al., 2010; Vierck et al., 2001a) and fatigue
(Bachasson et al., 2013; Dailey et al., 2015; Jacobsen et al., 1991; Mengshoel et al.,
1995; Srikuea et al., 2013) following exercise. Of the limited evidence, the immediate
change in pain sensitivity has been variable as some experience increases, decreases,
and no change in pain sensitivity following a bout of exercise. However, the multi-day
response of pain and fatigue following a single bout of exercise has not been
investigated. Additionally, it is unknown whether exercise leads to pain and fatigue
locally in the exercising limb as commonly seen in healthy people (Cheung et al., 2003;
MacIntyre et al., 1995; Nikolaidis, 2017) or whether people with fibromyalgia will also
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report exacerbation of clinical symptoms of widespread pain and fatigue. Prior research
suggests local pain induced by a bout of maximal intensity exercise acutely increases
central nervous system pain facilitation and widespread pain sensitivity (Staud, 2010;
Staud et al., 2005; Staud et al., 2010) however, the temporal influence on the change in
reported whole-body pain and fatigue following exercise is unknown. This dissertation
research will investigate the temporal changes in pain (i.e. experimental and perceived)
and fatigue (i.e. performance and perceived) immediately after a single bout of exercise
and up to seven days following. Additionally, pain (i.e. experimental and perceived) and
fatigue (i.e. performance and perceived) will be assessed in the exercising arm (local)
and remotely in non-exercising body regions (systemic) to better understand the spatial
distribution of pain and fatigue following a single bout of exercise.
Many people with fibromyalgia avoid exercise due to the potential for pain and
fatigue exacerbation in the days following novel exercise tasks, leading to subsequent
deconditioning, functional limitations, and risk of additional comorbidities (Damsgard et
al., 2010; Kingsley et al., 2009; Raftery et al., 2009). To increase compliance clinicians
have encouraged non-symptom inducing, light intensity exercise in people with chronic
pain, which is not in line with previous exercise recommendations of routine moderateto-high-intensity exercise to reduce pain, improve function, and promote health benefits
in fibromyalgia (Busch et al., 2013a). Even the American College of Sports Medicine
highlights that exercise recommendations for people with fibromyalgia are based on
limited research and are unable to provide an evidence-based statement (American
College of Sports Medicine Guidelines for Exercise Testing and Prescription, 2017).
Lack of understanding how to appropriately modify exercise intervention based on type,
frequency, intensity, duration, and the symptom response may explain the variety of
effect sizes in studies investigating exercise intervention in fibromyalgia (Bidonde et al.,
2014a; Bidonde et al., 2017; Busch et al., 2013a; Jones et al., 2006). Additionally,
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unclear clinical guidelines for the management of the acute exercise-induced pain
response has led to poor symptom management, low compliance, and reduced benefits
of exercise training in people with fibromyalgia (Bidonde et al., 2014a; Busch et al.,
2011; Busch et al., 2013a; Casale et al., 2008; Goldenberg et al., 2004; Gowans &
deHueck, 2004; Hauser et al., 2010a; Naugle et al., 2012a). Exposing many with
fibromyalgia to exercise interventions of limited effectiveness despite the potential of
routine exercise to alleviate pain and improve function.
Lack of progression in the clinical management of fibromyalgia can be attributed
to limited understanding of the etiology or pathophysiology of the condition. Specific to
exercise, there has been limited investigation into the influence of contraction type (i.e.,
isometric, concentric, eccentric) on the acute and multiple day pain and fatigue response
following exercise in people with fibromyalgia. Additionally, it is unclear whether exercise
leads to localized pain and fatigue in the exercising muscle versus exacerbation of
widespread symptoms of pain and fatigue in people with fibromyalgia. Lastly, there is
poor understanding of the heterogeneity that exists in the exercise-induced pain
response following a single bout of exercise.
1.3 Exercise Dose: Intensity and Duration
Research investigating the acute exercise-induced change in pain sensitivity in
people with fibromyalgia has focused on aerobic and isometric exercise of varying
intensity and duration; both of which induce variable responses in pain sensitivity (Ge et
al., 2012; Hoeger Bement et al., 2011a; Kadetoff & Kosek, 2007; Kosek et al., 1996;
Lannersten & Kosek, 2010; Meeus et al., 2015; Rice et al., 2019a; Staud et al., 2005;
Vierck et al., 2001a). Many of these studies incorporated bouts of high-intensity exercise
or exercise until exhaustion which is not consistent with clinical guidelines that endorse a
graduated exercise program of increasing intensity and frequency to limit pain
exacerbation and promote adherence (Ambrose & Golightly, 2015; Bidonde et al.,
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2014b; Geneen et al., 2017; Palstam et al., 2016). Work from our laboratory has
identified subgroups of women with fibromyalgia based on their experimental pain
response (increase, decrease, no change) to a noxious stimulus following isometric
exercise that varied in intensity and duration and paralleled changes in clinical pain
(Hoeger Bement et al., 2011a). In healthy adults, low intensity exercise performed for
longer duration was more effective in reducing acute experimental pain sensitivity than
contractions of higher intensity and shorter duration (Hoeger Bement et al., 2011a).
Thus, submaximal intensity exercise, is in line with clinical guidelines and may be
preferred over higher intensity exercise that has been shown to exacerbate fibromyalgia
symptoms. Lower intensity contractions (~20% of maximal strength) would promote
longer duration exercise prior to fatiguing and potentially greater pain relief in people
with fibromyalgia.
1.4 Exercise Dose: Contraction Type
Despite traditional exercise training protocols commonly incorporating various
types of muscle contractions (i.e., isometric, concentric, and eccentric), the effect of
these differing muscle contractions on the acute pain response following a single
exercise session has not been thoroughly investigated in people with and without
fibromyalgia. The type of contraction may result in differences in the pain response
during and after exercise due in part because of the distinct force generating capacity of
each contraction type. Isometric contractions generate force in the absence of
movement within the limb or joint. In contrast, concentric and eccentric contractions
involve force generation with movement. Concentric contractions result in shortening of
the muscle (i.e. bending the elbow) while eccentric contractions result in muscle
lengthening (i.e. lowering an object from a bent elbow position). Further investigation into
the specific influence of contraction type on the exercise-induced pain and fatigue
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response may allow for a more tailored approach to exercise prescription in people with
fibromyalgia.
One main reason for differences in the force generating capacity of a muscle is
due to the moment arm which varies with dynamic contractions (i.e. concentric,
eccentric) and does not change with isometric contractions. Isometric contractions are
commonly performed at optimal joint angles where the moment arm of the muscle is
greatest, such as 90º of elbow flexion; the greater leverage allows for maximal force
generation. In contrast, with dynamic contractions the moment arm is constantly
changing as the muscle changes length. For example, during concentric (shortening)
contractions, the decreased moment arm reduces leverage and places the muscle at a
disadvantage with the end ranges of motion where greater effort is required to match the
force generated with an isometric contraction performed at an optimal joint angle.
The varying force generating capacity of each contraction type goes beyond the
moment arm as the length-tension curve varies by contraction type depending on the
contributions of active (i.e. actin, myosin) and passive (i.e. extracellular connective
tissue, tendon) contractile elements of the muscle (Douglas et al., 2017b; Frontera &
Ochala, 2015; Hunter, 2017). When isometric contractions of the elbow flexors are
performed at 90º of elbow flexion there is optimal overlap of active contractile elements
which maximizes force generating capacity of the muscle. In contrast, when the muscle
shortens during concentric contractions there is decreased overlap of active contractile
elements and less force generated when compared to an isometric contraction
performed at 90º. Thus, greater effort is required during concentric contractions when
the submaximal intensity is based off of a maximal voluntary isometric contraction.
Furthermore, concentric contractions require greater metabolic demand and leads to
greater accumulation of metabolic by-products compared to isometric and eccentric
contractions (Frontera & Ochala, 2015; Hunter, 2017). Conversely, despite changing of

7
muscle length with eccentric contractions (lengthening), there is decreased reliance on
active contractile elements and greater reliance on passive non-contractile elements of
the muscle (Franchi et al., 2017; Hoppeler, 2016; Nishikawa et al., 2012; Schoenfeld et
al., 2017). The passive tension produced as the muscle lengthens during eccentric
contractions is greater than that produced by the active contractile elements during
isometric and concentric. Therefore, less effort is required during eccentric contractions
than isometric and concentric when matched to force generated during a maximal
voluntary isometric contraction. The decreased reliance on active contractile elements
with eccentric contractions leads to less accumulation of metabolic by-products
compared to isometric and concentric contractions.
The accumulation of fatigue metabolites with muscle contraction are involved
with pain modulation during exercise. Specifically, fatigue metabolites (Pi, H+, Mg2+, Ca2+,
K+, lactate) increase discharge frequency of group III and IV nerve fibers in the muscle
(Ament & Verkerke, 2009; Pollak et al., 2014) which has been shown to evoke
sensations of pain and fatigue (Gregory et al., 2015; Pollak et al., 2014) and regulate
central motor function during exercise (Aboodarda et al., 2020; Amann, 2012; Blain et
al., 2016; Hureau et al., 2018; Taylor et al., 2016). Due to greater reliance on active
contractile elements with isometric and concentric contractions, fatigue metabolites have
greater influence on group III and IV afferent feedback during isometric and concentric
exercise. Thus, greater pain and exertion may be experienced during concentric and
isometric contractions compared to eccentric. In contrast, eccentric contractions produce
less fatigue metabolites, therefore less exertion and pain is typically experienced during
a bout of eccentric exercise (Franchi et al., 2017; Hollander et al., 2017). Despite
reduced accumulation of fatigue metabolites with eccentric exercise, there is greater
strain placed on non-contractile passive structures (Douglas et al., 2017b; Franchi et al.,
2017) which are innervated by muscle free nerve endings (Mense, 2010; Messlinger,
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1996; Queme et al., 2017) and may provoke greater pain during recovery from a bout of
eccentric exercise.
The concentration of fatigue metabolites varies based on the contraction type
and may result in differences in pain and exertion during isometric and dynamic
(concentric and eccentric) muscle contractions. Dynamic contractions allow for periods
of rest and blood profusion, whereas isometric contractions may induce greater ischemia
and accumulation of fatigue metabolites compared to dynamic contractions (Enoka &
Duchateau, 2008). Much of the prior literature investigating the pain response following
isometric contractions have implemented protocols with sustained isometric contractions
held until task failure (Frey Law et al., 2010; Hoeger Bement et al., 2011a; Staud et al.,
2005). As previously mentioned, isometric exercise will likely influence the perceived
pain and exertion during a bout of exercise due to the ischemic nature of the contraction
type. Previous research comparing sustained isometric contractions to intermittent
concentric contractions demonstrates there is greater perceived pain with isometric
compared to concentric when exercise is performed to task failure despite intermittent
concentric contractions being performed for longer duration (Frey Law et al., 2010). This
result indicates that perfusion of the muscle during intermittent concentric contractions
may facilitate longer duration of exercise with less perceived pain than sustained
contractions; thus, differences with ischemia between contraction types may influence
pain with exercise. Despite known differences in pain perception with sustained
isometric and intermittent concentric contractions, it is unknown whether similar results
occur when comparing intermittent isometric and concentric contractions. Due to the
greater effort and metabolic demand during concentric contractions than isometric
contractions when both intensities are generated from a maximal voluntary isometric
contraction, there may be greater pain and exertion during intermittent concentric
contractions than intermittent isometric contractions. Therefore, direct comparison of
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intermittent isometric, concentric, and eccentric contractions matched for contraction
time and intensity is required to better understand the influence each contraction type
has on pain and fatigue during and following exercise.
Due to greater perceived pain experienced during concentric contractions, the
exercise-induced pain response may differ when compared to isometric and eccentric
contractions. Others have shown there are likely shared mechanisms between exercise
induced hypoalgesia and conditioned pain modulation (Lemley et al., 2015a) based on
the concept of pain inhibits pain (Nir et al., 2011). Therefore, the greater pain during
concentric exercise may activate central pain inhibition leading to greater pain relief
following exercise compared to isometric. The reduced metabolic demand with eccentric
contractions would suggest less pain would be perceived during exercise however,
strain on passive non-contractile structures may lead to localized pain in the exercising
muscle. Understanding of the influence of varying contraction types on pain and fatigue
will provide valuable evidence in how to modify exercise prescription.
Beyond filling the gap in the literature regarding the influence of various
contraction types, this research will challenge clinical practice paradigms with the use of
eccentric contractions in a chronic pain population. Despite the common utilization of
eccentric contractions with daily activity and traditional weight training, guidelines
recommend to limit the use of eccentric contractions with exercise to lessen the potential
for delayed onset muscle soreness (American College of Sports Medicine Guidelines for
Exercise Testing and Prescription, 2017), which is characterized by muscle tenderness
that initiates 24 hours after exercise, peaks within 48-72 hours, and subsides 5-7 days
following unaccustomed eccentric exercise (Douglas et al., 2017b; Lewis et al., 2012c;
MacIntyre et al., 1995). Of the research investigating eccentric contractions, most has
investigated the development and progression of delayed onset muscle soreness with
maximal intensity eccentric exercise in healthy populations (Douglas et al., 2017b; Lewis
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et al., 2012c; MacIntyre et al., 1995). Additional sequalae include stiffness, fatigue,
reduced range of motion, and muscle weakness during recovery, with more notable
changes in people who are naïve to exercise (Douglas et al., 2017b; Hunter, 2017;
Lewis et al., 2012c; MacIntyre et al., 1995). Evidence exists for the development of
delayed onset muscle soreness at maximal and submaximal intensities as disruptions of
sarcomeres during lengthening contractions leads to exercise-induced muscle damage
characterized by myofibrillar damage, disruption of extracellular matrix, muscle fiber
membrane damage, and a pro-inflammatory reaction which increase sensitivity of group
III and IV afferents which lead to perceived pain in the exercising muscle (Hody et al.,
2019; Hotfiel et al., 2018; MacIntyre et al., 1995). Beyond local effects, the inflammatory
response following eccentric exercise has been shown to spread systemically (Paulsen
et al., 2012; Peake et al., 2005). It is not clear whether a submaximal bout of eccentric
exercise would lead to similar local and systemic changes in fibromyalgia. The
performance of eccentric exercise at submaximal intensity will likely blunt the delayed
onset muscle soreness that is common following maximal eccentric exercise. Therefore,
limited exercise-induced muscle damage and reduced inflammation may lead to pain
locally in the exercising limb and not influence systemic widespread pain. Investigating
the impact eccentric exercise has on local and widespread pain in fibromyalgia is
warranted prior to being incorporated in routine exercise prescription.
Considering pain with exercise has been a barrier to exercise tolerance and
compliance in fibromyalgia (Busch et al., 2013b; da Cunha Ribeiro et al., 2018; Dobkin
et al., 2005), the use of eccentric exercise has not been investigated or considered a
treatment option even though eccentric exercise can promote greater muscle
hypertrophy and improve pain perception at lower metabolic cost compared to isometric
and concentric contractions (Douglas et al., 2017a, 2017b; Franchi et al., 2017;
Hosseinzadeh et al., 2013; Hosseinzadeh et al., 2015; Schoenfeld et al., 2017).
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Eccentric contractions may hold great benefit for exercise training to those with chronic
pain and has been implemented in various clinical population such as tendinopathy,
joint injury, Parkinson’s disease, and in cancer survivors (Dibble et al., 2006; Gerber et
al., 2007; Lastayo et al., 2010; Silbernagel et al., 2007). A phased approach of gradual
progression of eccentric exercise intensity has been shown to promote muscle
hypertrophy without exercise-induced muscle damage, inflammation, or soreness (Flann
et al., 2011; Hortobágyi, 2003; LaStayo et al., 2003; Lastayo et al., 1999). Of particular
interest in those with chronic pain is repeated bouts of submaximal intensity eccentric
exercise has been shown to reduce the magnitude of delayed onset muscle soreness
and pain sensitivity in healthy people (Chen et al., 2016; Douglas et al., 2017a;
Hoppeler, 2019; Hosseinzadeh et al., 2013; Hosseinzadeh et al., 2015; Nosaka et al.,
2001). Therefore, performance of submaximal intensity eccentric exercise in
fibromyalgia may be an optimal contraction type to achieve muscle hypertrophy and
decrease pain at reduced metabolic cost. Initiation of eccentric exercise at submaximal
intensities, as in prior clinical studies, may provide a means to increase exercise
tolerance by reducing pain and fatigue in people with fibromyalgia.
Investigation of the immediate and multiple day recovery of pain and fatigue
following a single bout of eccentric exercise has not been investigated and is needed to
identify the safety and feasibility of implementing eccentric contractions in fibromyalgia.
Improved understanding of the effect of eccentric muscle contractions on pain and
fatigue locally in the exercising limb and on widespread pain and fatigue is required to
determine its potential use as an exercise modality in fibromyalgia.
1.5 Purpose
This research will address the knowledge gaps on whether a single bout of
submaximal intensity exercise of varying contraction types (isometric, concentric, &
eccentric) influences pain and fatigue locally in the exercising muscle and/or systemic
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symptoms of widespread pain and fatigue in people with and without fibromyalgia. Single
exercise bouts are performed at submaximal intensities to comply with clinical guidelines
and with prior literature suggesting reduced exacerbation of pain and fatigue at
submaximal intensities in those who are naïve to exercise and in fibromyalgia. An
empirical approach was taken to match exercise intensity to 20% of maximal voluntary
isometric contraction to contrast each contraction type. A comprehensive assessment
approach was taken to investigate the temporal changes in experimental pain, perceived
pain, performance fatigue, and perceived fatigue immediately after exercise and up to
seven days following exercise. Measures of pain and fatigue were assessed locally in
the exercising limb (right biceps) and systemically in remote non-exercising body regions
to evaluate the influence of each contraction type on local and systemic symptoms of
pain and fatigue. The following sections will highlight the techniques used to assess pain
and fatigue following a single bout of exercise in those with and without fibromyalgia.
1.6 Clinical Pain Assessment of Fibromyalgia
Fibromyalgia is a condition that is characterized by chronic widespread pain,
tenderness, fatigue, sleep disturbance, physical, and psychological comorbidities (Walitt
et al., 2015; Wolfe et al., 1995; Wolfe et al., 1990). Original attempts by the American
College of Rheumatology to standardize diagnosis of fibromyalgia has relied on
symptom report of widespread pain and the presence of tenderness (tender points) in at
least 11 out of 18 sites that is not explained by other chronic pain disorders (Wolfe et al.,
1990). Limitations of the original diagnostic criteria led to development of a patient selfreport symptom survey, American College of Rheumatology 2010 Diagnostic Criteria for
Fibromyalgia, which queries pain location, presence and severity of fatigue, sleep
disturbance, memory difficulty, and a variety of somatic symptoms (Wolfe et al., 2011a;
Wolfe et al., 2010a). The modified criteria allows for conceptualization of the core
symptoms of fibromyalgia on a continuum of symptom severity (Wolfe, 2009). Despite
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improved understanding and assessment of fibromyalgia symptomology, significant
clinical limitations remain in identifying the pathophysiology and contributing
biopsychosocial factors of a patient’s symptom presentation and response to treatment.
Therefore, hindering optimal mechanism-based treatment approaches, particularly with
the use of exercise intervention.
Clinical practice guidelines recommend a biopsychosocial approach to pain
management where biological and psychosocial influences that contribute to pain and
dysfunction are assessed and managed in people with fibromyalgia (Cohen, 2017;
Engel, 1977; Turk & Adams, 2016). This comprehensive approach addresses multiple
factors that contribute to the individual differences of symptoms and response to
treatment in chronic pain conditions such as fibromyalgia (Clauw, 2009; Hauser et al.,
2010b).
1.7 Experimental Pain Assessment
Experimental Pain is measured with quantitative sensory testing which refers to a
set of standardized psychophysical methods to assess somatosensory function in the
central and peripheral nervous system (Arendt-Nielsen & Yarnitsky, 2009; Smith et al.,
2017; Uddin & MacDermid, 2016). Advances in quantitative sensory testing have
provided opportunity to obtain semi-objective measures of pain perception and
phenotype patients according to a sensory profile (Bartley et al., 2018; Cruz-Almeida &
Fillingim, 2014; Edwards et al., 2016b; Fillingim et al., 2016b; Gerhardt et al., 2012;
Giesecke et al., 2003; Hauser et al., 2018). Testing procedures include a variety of
calibrated noxious or innocuous stimuli, including mechanical pressure, thermal,
electrical, ischemic, and chemical. The objective of quantitative sensory testing is to gain
understanding of the mechanisms involved in pain transduction, transmission, and
perception in pathophysiological conditions, providing information about pain sensitivity
(peripheral and central sensitization) and phenotyping patients according to sensory or
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pain dysfunction (Arendt-Nielsen & Yarnitsky, 2009; Cruz-Almeida & Fillingim, 2014;
Frey-Law et al., 2016; Mackey et al., 2017; Pavlakovic & Petzke, 2010; Uddin &
MacDermid, 2016). Pain processing assessed via sensory threshold, pain threshold,
pain tolerance, and dynamic measures of pain summation and conditioned pain
modulation may provide mechanistic insight of central and peripheral nervous system
pain processing in fibromyalgia.
1.8 Quantitative Sensory Testing and Fibromyalgia
Recent research has demonstrated abnormalities in central nervous system
function with quantitative sensory testing in fibromyalgia (Cagnie et al., 2014; Clauw,
2014; Harris & Clauw, 2006, 2012; Ichesco et al., 2016; Kim et al., 2015; Schmidt-Wilcke
& Clauw, 2011; Sluka & Clauw, 2016; Staud, 2011; Staud & Rodriguez, 2006). With
evidence demonstrating people with fibromyalgia to exhibit increased sensitivity to
noxious stimuli that resides for longer duration compared to healthy individuals (Gerhardt
et al., 2017; Price & Staud, 2005; Sluka & Clauw, 2016; Staud, 2012b; Staud et al.,
2009; Staud et al., 2004; Yunus, 2008). This increased sensitivity to noxious stimuli has
been postulated to be an indirect measure of pain facilitation in the central nervous
system, thereby contributing to the clinical feature of persistent, widespread body pain
(Price et al., 2002; Sluka & Clauw, 2016; Staud et al., 2003a; Staud et al., 2001a).
Further evidence has demonstrated deficient endogenous pain inhibitory mechanisms in
those with fibromyalgia, highlighted by limited central inhibition of pain when compared
to healthy cohorts (Goubert et al., 2015b; Nijs et al., 2012; Staud, 2012a; Staud et al.,
2003b; Vaegter et al., 2016). Neuroimaging studies have demonstrated evidence of
structural and functional brain abnormalities that correlate with clinical pain, experimental
pain, and comorbid psychological influences in patients with fibromyalgia (Cagnie et al.,
2014; Clauw, 2014; Harris & Clauw, 2012; Ichesco et al., 2016; Kim et al., 2015;
Schmidt-Wilcke & Clauw, 2011; Staud, 2011). Ultimately, individuals with fibromyalgia
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experience increased pain and altered brain activation in regions responsible for pain
processing, specifically the prefrontal, insular, anterior cingulate, and secondary
somatosensory cortices when exposed to pressure or heat stimuli that were not
perceived as painful in healthy counterparts (Cook et al., 2004; Gracely et al., 2002;
Lopez-Sola et al., 2014). Alterations of central descending inhibitory (hypoalgesic)
(Julien et al., 2005; Lewis et al., 2012b) and ascending facilitatory (hyperalgesic) (Ablin
& Clauw, 2009; Staud et al., 2001a) pain pathways result in augmented nociceptive
processing and pain perception, explaining persistent pain in fibromyalgia and other
chronic pain conditions such as low back pain, headache, temporomandibular
syndrome, and irritable bowel syndrome (Sluka & Clauw, 2016; Staud & Rodriguez,
2006). Advances in the understanding of central and peripheral nervous system
regulation of pain modulation has driven methodological research that assesses
mechanisms of pain facilitation and inhibition.
1.9 Quantitative Sensory Testing and Treatment Prognosis
Clinical translation of dysfunctional pain modulation has led to the use of
quantitative sensory testing as a prognostic clinical tool to identify responders and nonresponders to medical intervention (Cruz-Almeida & Fillingim, 2014; Georgopoulos et al.,
2019; Uddin & MacDermid, 2016). In patients with knee osteoarthritis higher pre-surgical
pain facilitation (temporal summation) correlated with greater ongoing post-operative
pain at 12-month follow-up from total knee arthroplasty (Petersen et al., 2015). Follow up
study identified groups of patients with knee osteoarthritis who achieved less pain relief
following total knee arthroplasty were characterized by increased pain facilitation
(temporal summation) and impaired pain inhibition (conditioned pain modulation)
(Petersen et al., 2016). Additionally, baseline quantitative sensory testing phenotypes
predicted treatment-related improvements in clinical pain in subsets of patients with knee
osteoarthritis when administered analgesic medication (Edwards et al., 2016a). Although
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presented in a differing chronic pain population, these cases highlight the clinical
relevance of quantitative sensory testing as a prognostic tool in estimating the treatment
response in those with persistent pain.
Additional research is required to identify if quantitative sensory testing can be
applied in a similar fashion to fibromyalgia and interventions such as exercise.
Quantitative sensory testing may provide clinically relevant information of the
physiological mechanisms contributing to the variable pathogenesis, symptom
presentation, and treatment response in patients with fibromyalgia. Particular to exercise
and fibromyalgia, previous research from our laboratory has identified subgroups of
women with fibromyalgia who had increases, decreases, and no change in pain
sensitivity following a bout of isometric exercise (Hoeger Bement et al., 2011b).
Furthermore, healthy adults with greater conditioned pain modulation (central pain
inhibition) are more likely to report an exercise-induced decrease in pain to noxious
stimuli (Lemley et al., 2015b). Further research investigating the role central pain
inhibitory and faciliatory mechanisms have in the exercise-induced pain response in
clinical populations such as fibromyalgia could lead to a mechanistic-based approach to
pain management (Arendt-Nielsen & Yarnitsky, 2009; Chimenti et al., 2018; Clauw,
2015; Cruz-Almeida & Fillingim, 2014; Smith et al., 2017; Uddin & MacDermid, 2016).
Specifically, quantitative sensory testing in clinical practice may improve pain
assessment and prognosis to facilitate individualized pain management via exercise
intervention.
1.10 Quantitative Sensory Testing and Exercise
Prior research has investigated the acute response to exercise with quantitative
sensory testing, demonstrating single bouts of exercise to elicit pain relieving effects in
healthy populations, termed exercise-induced hypoalgesia, while limited investigation
has been directed towards chronic pain populations. Exercise-induced hypoalgesia is
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the decrease in pain following a single exercise bout, which occurs in healthy adults
(Hoeger Bement et al., 2008; Hoffman et al., 2004; Koltyn, 2002a; Koltyn et al., 2014;
Naugle et al., 2012a), but has been shown to depend on the mode (aerobic, isometric,
dynamic resistive) (Kodesh & Weissman-Fogel, 2014; Naugle et al., 2012b; Vaegter et
al., 2015a), intensity (Hoeger Bement et al., 2008; Koltyn, 2002a; Naugle et al., 2014c),
and duration (Hoeger Bement et al., 2008) of exercise. Exercise-induced hypoalgesia
occurs locally at the exercising muscle and systemically in non-exercising body regions
in young and old healthy adults (Kosek & Lundberg, 2003; Lemley et al., 2015a; Naugle
et al., 2012a; Vaegter et al., 2014, 2015a; Vaegter et al., 2017a), suggesting pain relief
from exercise may be modulated by the central nervous system, circulating hormones,
and/or peripheral inflammatory markers (Koltyn et al., 2014; Lima et al., 2017; Sluka et
al., 2018). The hypoalgesic response has been observed immediately after an exercise
task and shown to persist up to 15-minutes following resistance exercise and 30-minutes
following aerobic exercise tasks (Hoffman et al., 2004; Koltyn & Arbogast, 1998; Vaegter
et al., 2014). However, the acute exercise-induced effects on pain observed in healthy
adults are not generalizable to those with fibromyalgia due to changes in central nervous
system processing which may lead to symptom exacerbation when exposed to a
stimulus such as exercise (Lannersten & Kosek, 2010; Sluka & Clauw, 2016; Staud et
al., 2005).
Prior work demonstrates the exercise-induced effect on pain sensitivity in
fibromyalgia is variable with reports of increases and decreases in pain during and
immediately after a single bout of exercise (Ellingson et al., 2016; Hoeger Bement et al.,
2011b; Staud et al., 2005; Staud et al., 2010; Vaegter & Graven-Nielsen, 2016; Vierck et
al., 2001b). Variability in the pain response following exercise may be attributable to
altered pain modulation in the central nervous system as people with fibromyalgia have
been shown to have attenuated descending pain inhibition (conditioned pain modulation

18
[CPM]) (Vaegter & Graven-Nielsen, 2016; Yarnitsky, 2010, 2015) and augmented
facilitation of pain (pain summation) (Staud et al., 2004; Staud et al., 2001a; Vierck et al.,
2001b). Prior research demonstrates CPM to be a predictive marker of exercise-induced
hypoalgesia as young and old healthy adults with greater CPM experienced greater
exercise-induced hypoalgesia (Lemley et al., 2015b; Vaegter et al., 2014). Beyond
central mechanisms influencing the pain response, concentric and isometric contractions
lead to greater accumulation of fatigue metabolites compared eccentric (Feher, 2017;
Radák, 2018) which may augment sensory afferent feedback leading to enhanced pain
facilitation (Ge et al., 2012; Staud, 2010; Staud et al., 2009). Providing motivation to
explore the central and peripheral mechanisms responsible for variability in the exerciseinduced pain response and how exercise can be tailored to exploit pain-reliving
mechanisms of exercise.
1.11 Influencing Factors of the Acute Exercise Response and Pain in Fibromyalgia
1.11.1 Relation Between Psychosocial Influences, Exercise, and Pain
Psychosocial variables have been shown to influence the experience of pain
(Jensen et al., 2011; Sullivan et al., 2001), and pain modulation (Edwards et al., 2006b;
Goodin et al., 2009; Nahman-Averbuch et al., 2016), in healthy and clinical populations
however, less is known about the influence of psychosocial factors on the exerciseinduced pain response (Naugle et al., 2014a; Rice et al., 2019b). Studies have found
elevated levels of pain catastrophizing attenuate the acute exercise-induced hypoalgesic
response in healthy adults and elevated pain catastrophizing to correlate with increased
perceived exertion and muscle pain during exercise (Brellenthin et al., 2016; Naugle et
al., 2014a; Weissman-Fogel et al., 2008a). Fear of pain has also been shown to be
associated with increased pain sensitivity in healthy adults (Horn et al., 2014). However,
evidence is conflicting as there was a lack of correlation between the change in pain
during a conditioned pain modulation protocol and following exercise with pain
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catastrophizing and fear of pain in young and old healthy adults (Lemley et al., 2015b).
Investigation into the influence of psychosocial factors on the response to exercise in
clinical populations has been limited and the available evidence is equivocal. No
association between state anxiety and exercise-induced hypoalgesia was found in
women with fibromyalgia (Hoeger Bement et al., 2011b). In adults with chronic
musculoskeletal pain, there has been a lack of association between kinesiophobia (fear
of movement) and exercise-induced hypoalgesia (Vaegter et al., 2017b). Also,
heightened anxiety, depression, and pain catastrophizing did not predict changes in
pressure pain thresholds after exercise in a population with chronic musculoskeletal pain
(Vaegter et al., 2016).
Further research into the influence of psychosocial factors on the exerciseinduced pain response is warranted in clinical populations such as fibromyalgia who
commonly report symptom exacerbation with exercise. Particular to this study, pain
catastrophizing has been shown to diminish CPM efficiency in healthy adults (Goodin et
al., 2009), predict poor treatment outcomes following tailored exercise intervention in
people with chronic neck pain (Cecchi et al., 2011), and poor outcomes to pain treatment
in those with fibromyalgia (Edwards et al., 2006a). Additionally, fear of movement has
been shown to be a characteristic of those with fibromyalgia (Burwinkle et al., 2005).
With prior evidence linking fear of movement to greater reports of pain during physical
activity (Damsgard et al., 2010) and activity avoidance associated with reduced physical
fitness and greater self-reported pain (de Bruijn et al., 2011). Fear avoidance predicted
the change in isometric force production of the elbow flexors, knee extensors, and
handgrip in patients with fibromyalgia who underwent 15 weeks of resistance training
(Larsson et al., 2017), indicating those with lower fear avoidance behavior exercised at
loads necessary to induce physiological adaptations that increase muscle strength.
Beyond the effect of psychosocial influences on the pain response, prior research has
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identified minor increases in exercise intensity beyond the self-selected pace of a naïve
exerciser reduces pleasantness associated with exercise (Lind et al., 2008), potentially
affecting compliance. While cognitive affirmation of exercise-induced hypoalgesia prior
to partaking in an exercise task increased the pain-relieving effects of exercise
compared to a naïve control group (Jones et al., 2017). Further understanding of the
influence of psychosocial factors on exercise recovery will provide clinicians insight on
how to manage patients when initiating exercise intervention and transition to routine
exercise participation.
1.11.2 Relation Between Physical Activity, Pain Modulation, and Fibromyalgia
Baseline physical activity has been shown to influence pain modulation in healthy
adults and considerable evidence exists supporting regular physical activity may reduce
the risk for developing chronic pain (Hoeger Bement & Sluka, 2016; Landmark et al.,
2011; Landmark et al., 2013; Law & Sluka, 2017). In healthy adults, self-reported
physical activity correlated with greater efficiency of descending pain inhibition
(conditioned pain modulation) (Lemley et al., 2015b; Naugle & Riley, 2014a) and
reduced pain facilitation (pain summation) (Naugle & Riley, 2014a). Total and vigorous
physical activity predicted effective pain inhibition and reduced pain facilitation (Naugle &
Riley, 2014a), indicating physical activity of greater amounts and of higher intensity may
be necessary to influence pain modulation. Additional study using accelerometry in older
healthy adults identified less sedentary time and greater light physical activity predicted
greater pain inhibitory capacity while greater amounts of time spent in moderate to
vigorous physical activity was associated with less pain summation (Naugle et al., 2017).
Results of this study indicate that different intensities of physical activity may
differentially influence pain inhibitory and pain facilitatory mechanisms in older adults.
Despite having reduced exercise-induced hypoalgesia in older age, those who
participate in greater moderate-to-vigorous physical activity experience greater exercise-
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induced hypoalgesia compared to age matched participants (Ohlman et al., 2018).
Similar results have been found in healthy women meeting physical activity
recommendations where participation in vigorous physical activity related to decreased
pain sensitivity (Ellingson et al., 2012a). This research reinforces the need of higher
intensity routine exercise to potentially impact pain modulation in healthy adults. While
research suggests physical activity correlates with reduced pain sensitivity in healthy
adults, the influence of baseline physical activity on the exercise-induced pain response
in fibromyalgia has not been thoroughly investigated. Previous research has shown
people with fibromyalgia who limit sedentary time and maintain low levels of physical
activity demonstrate increased activation of brain areas that modulate pain with
functional MRI during a distraction task (Ellingson et al., 2012c). However, lifestyle
physical measured via self-report and accelerometry was not related to pain or pain
sensitivity in a cohort with fibromyalgia (Merriwether et al., 2018). Associations between
baseline physical activity and the acute change in pain sensitivity following exercise may
hold clinical utility in identifying prognosis with exercise intervention.
1.11.3 Relation Between Body Composition, Pain Modulation, and Fibromyalgia
As in the general population, many with fibromyalgia are classified as
overweight/obese which may be partially explained by the level of physical inactivity
seen in this population (Yunus et al., 2002). Evidence shows people with fibromyalgia
who have comorbid obesity have greater pain sensitivity, increased disability, and lower
quality of life (Arranz et al., 2014; Okifuji et al., 2010). Indicating body composition may
be an influencing factor to the pain experience in people with fibromyalgia. However,
there is limited research investigating the influence of body composition on the exerciseinduced pain response in people with fibromyalgia. Research directed towards
adolescents has demonstrated a similar exercise-induced pain response across weight
status however, those with higher total body lean mass experienced greater exercise-
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induced hypoalgesia (Stolzman et al., 2015). Additional research from our laboratory has
shown adolescents with greater lean mass experienced greater conditioned pain
modulation (Stolzman & Hoeger Bement, 2016), indicating increased lean mass may
contribute to endogenous pain inhibition in healthy adolescents of varying weight status.
Conflicting results exist pertaining to fat mass, as previous research from our laboratory
has not identified associations between fat mass and exercise-induced hypoalgesia in
adolescents (Stolzman et al., 2015; Stolzman & Hoeger Bement, 2016), while others
have found body mass index and distribution of body fat may influence sensory
detection and pain sensitivity to pressure stimuli in healthy adults (Tashani et al., 2017).
Further inquiry into the relation between body composition and the acute exerciseinduced pain response is necessary to improve our understanding of the influence of
body composition on the acute recovery from exercise when managing patients with
fibromyalgia.
1.12 Perceived Fatigue and Performance Fatigability with Exercise
In addition to increased pain, people with fibromyalgia commonly report
heightened perceived fatigue, an overwhelming sense of tiredness, lack of energy or
feeling of exhaustion at rest and with activity (Kluger et al., 2013; Krupp & Pollina, 1996;
Russell et al., 2018; Vincent et al., 2013a; Wolfe et al., 1996). Due to the multifactorial
nature of fatigue in fibromyalgia it has been recommended to investigate multidimensional nature of fatigue including perceived fatigue and the impact on performance
(Ericsson et al., 2013). Prior studies have focused on the change in perceived fatigue
with self-report fatigue scales with exercise training (Bidonde et al., 2014b; Bidonde et
al., 2019; Ericsson et al., 2016) however, the acute change in fatigue following a single
bout of exercise has not been thoroughly investigated.
In contrast to perceived fatigue, performance fatigability is defined as a decline in
an objective measure of performance such as a maximal voluntary contraction following
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a physical task (Enoka & Duchateau, 2016). In healthy adults and other clinical
populations performance fatigability is expected following single limb exercise locally in
the exercising limb and also systemically in non-exercising body regions. The magnitude
of performance fatigability following exercise may vary by contraction type (Babault et
al., 2006; Hunter, 2018; Madeleine et al., 2002; Pasquet et al., 2000; Senefeld et al.,
2013; Yoon et al., 2013). The mode of contraction (i.e. isometric, concentric, eccentric)
performed during a bout of exercise may lead to varying physiological and structural
adaptations (Ament & Verkerke, 2009; Franchi et al., 2017) which may alter magnitude
of pain and performance fatiguability (Ament & Verkerke, 2009; Enoka & Duchateau,
2008; Hunter, 2018; Pollak et al., 2014; Smith & Newham, 2007).
The greater metabolic demand associated with repeated cross-bridge formation
during concentric and isometric contractions leads to greater production of fatigue
metabolites (Feher, 2017; Radák, 2018). The accumulation of fatigue metabolites (Pi, H+,
Mg2+, Ca2+, K+, lactate) increases discharge frequency of group III and IV nerve fibers in
the muscle (Ament & Verkerke, 2009; Pollak et al., 2014) which has been shown to
evoke sensations of pain and fatigue (Gregory et al., 2015; Pollak et al., 2014) and
regulate central motor function during exercise (Aboodarda et al., 2020; Amann, 2012;
Blain et al., 2016; Hureau et al., 2018; Taylor et al., 2016). Although eccentric
contractions produce less fatigue metabolites, there is greater strain placed to noncontractile passive structures (Douglas et al., 2017b; Franchi et al., 2017) which are
innervated by muscle free nerve endings (Mense, 2010; Messlinger, 1996; Queme et al.,
2017) and may contribute to heightened pain and reduced motor function with exercise.
Isometric, concentric, and eccentric contractions may lead to varying magnitudes of
group III and IV afferent feedback, potentially influencing perceived fatigue and muscle
strength to varying degrees during and following a bout of exercise. Therefore, further
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understanding of the influence of contraction type on perceived and performance fatigue
may provide valuable evidence in how to modify exercise prescription.
The exercise-induced decrease in force production (i.e. performance fatigability)
(Enoka & Duchateau, 2016) has not been thoroughly investigated following a single bout
of exercise in fibromyalgia. The available evidence indicates people with fibromyalgia
experience greater perceived fatigue and performance fatigability following a bout of
exercise compared to controls however, results from these studies may have been
influenced by differences in baseline strength and activity levels among fibromyalgia and
control groups (Bachasson et al., 2013; Jacobsen et al., 1991; Srikuea et al., 2013).
Similar to pain, it is unknown whether the local fatigue response that initiates after novel
exercise (Douglas et al., 2017b; Lewis et al., 2012c; MacIntyre et al., 1995) influences
systemic force production and leads to performance fatigability in remote regions from
the exercising limb. Further investigation is required to determine whether performance
fatigability seen in fibromyalgia is due to limitations of contractile function (muscular
fatigue) isolated to the exercising muscle or the central nervous system (central fatigue)
(Enoka & Duchateau, 2016) that impacts muscle force production in the exercising
muscle and remote, non-exercising body regions. Finally, the influence of contraction
type on performance fatigability is unknown in people with fibromyalgia.
Variability in the acute exercise response makes optimal exercise prescription
and progression difficult in those with fibromyalgia; thereby substantiating the need for
improved understanding of the acute effects of exercise and the need for individualized
exercise prescription that facilitates a transition towards routine exercise participation.
Particularly when surmounting evidence demonstrates positive effects of routine
exercise on pain, strength, fatigue, function, and quality of life in those with fibromyalgia
(Bidonde et al., 2014a; Bidonde et al., 2017; Busch et al., 2013a; Gavi et al., 2014;
Geneen et al., 2017; Larsson et al., 2015). However, the multidimensional experience of
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pain and the acute pain response to exercise may be influenced by a variety of factors
beyond pain pathophysiology. Beyond the influence of contraction type additional
research has examined the influence of psychosocial variables, physical activity, and
body composition on pain and the exercise-induced pain response.
1.13 Comprehensive Mechanism-Based Biopsychosocial Approach to Pain & Fatigue
Management
Traditionally clinical practice has relied on assessing and treating a single
biological or psychological underpinning of chronic pain and fatigue. However, prevailing
research demonstrates no single mechanism is consistently related to the presence or
severity of pain and fatigue, even in patients with the same medical diagnosis such as
fibromyalgia. Emerging evidence of the multifactorial nature of chronic pain, specifically
the influence of biological and psychosocial contributions to each patient’s pain state has
led to appreciation of the biopsychosocial approach to pain management (Chimenti et
al., 2018; Engel, 1977; Turk & Adams, 2016). Additionally, the multifactorial nature of
fatigue requires investigation of the multiple dimensions of fatigue (Ericsson et al., 2013)
including perceived fatigue (Bidonde et al., 2014b; Bidonde et al., 2019; Ericsson et al.,
2016) and performance fatigability (Enoka & Duchateau, 2016) which has not been
thoroughly investigated following exercise in fibromyalgia. Progression of this approach
requires pragmatic research which evaluates the influence of multiple contributors to the
acute state of pain and fatigue. Individual patients may have markedly different neural,
psychosocial, physical activity, and body composition that contribute to their pain,
fatigue, and response to exercise. Several authors propose transition to a mechanismbased, biopsychosocial approach to chronic pain management due to the heterogeneity
of treatment responses in chronic pain populations (Clauw, 2015; Cruz-Almeida &
Fillingim, 2014; Fillingim, 2017a; Fillingim et al., 2016a; Turk, 2005a). Variable symptom
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responses following single bouts of exercise reinforces the need for a more holistic
approach to the management of fibromyalgia with exercise.
Improved understanding of the influence of a variety of biopsychosocial factors
on the symptom response to single bout of exercise may help identify markers that
forecast recovery and allow for patient phenotyping according to their response to
exercise intervention. Application of patient sub-typing may help the clinician prescribe
treatment to the individual patient and researchers allocate participants to treatment
arms that will lead to improved clinical outcomes and greater impact of clinical trials.
Improved exercise prescription in fibromyalgia will help achieve pain-relieving effects,
increase compliance, and reduce comorbidities associated with sedentary behavior and
obesity (Loevinger et al., 2007) seen in people with fibromyalgia (Yunus et al., 2002).
Helping to optimize the non-pharmacological management of pain through exercise.
1.14 Significance
This research is in line with initiatives set forth by the CDC Guideline for
Prescribing Opioids for Chronic Pain and NIH Heal Initiative to identify optimal nonpharmacological treatment strategies that address chronic pain. Previous research has
been ambiguous in identifying optimal treatment approaches for chronic pain conditions
such as fibromyalgia. This research will take steps towards advancing exercise
specificity by highlighting the recovery response to varying contraction types and
identifying factors to consider when prescribing exercise in people with fibromyalgia.
This innovative study will advance our understanding of recovery from a single exercise
session in people with fibromyalgia documenting the immediate and multi-day change in
pain and fatigue following exercise. These results will provide insight into differentiating
local symptoms of exercise-induced pain and fatigue versus changes in chronic systemic
symptoms. We will address the variability that occurs in the pain and fatigue response
following exercise and provide rationale for the clinical management of the variability.
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Finally, we hope to challenge antiquated beliefs on the use of eccentric muscle
contractions as an exercise modality for those with chronic pain.
This dissertation fosters principles that will advance clinical practice paradigms
focused on exercise prescription and optimizing the management of fibromyalgia. This
research will impact the growing population of chronic pain sufferers who have limited
daily function and increased reliance on pharmacological treatments of limited
effectiveness. This mechanism-based, person-centered approach to research is directed
towards optimizing the non-pharmacological management of pain through exercise.
1.15 Specific Aims and Hypothesis
Aim 1 will define the change of experimental and clinical pain up to three days following
different types of exercise contraction (i.e. isometric and concentric) in people with and
without fibromyalgia.
Hypothesis 1: People with fibromyalgia will have more variable and attenuated pain
relief after exercise compared to people without fibromyalgia.
Hypothesis 2: Dynamic (concentric contractions) exercise will be a greater
conditioning stimulus than isometric exercise resulting in greater pain relief for
people with fibromyalgia and control subjects.
Rationale: Heightened central sensitization in fibromyalgia will lead to variable and
attenuated pain relief following exercise compared to people without fibromyalgia. For
people with and without fibromyalgia, pain relief will be less for intermittent isometric
contractions due to less accumulation of fatigue metabolites and reduced afferent
feedback from group III and IV afferents compared with intermittent concentric
contractions. Additionally, greater pain will be reported during concentric exercise
resulting in greater central pain inhibition and pain relief following exercise compared to
isometric exercise.
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Aim 2 will establish a pain profile, that includes experimental and clinical pain
assessments, to estimate the variability of pain modulatory effects of exercise.
Hypothesis 1: People with more efficient pain modulation (i.e. greater CPM and less
TS) and nominal psychosocial influences (pain catastrophizing and fear of
movement) will experience greater exercise-induced hypoalgesia immediately postexercise and decreased exercise-induced pain three days post-exercise.
Rationale: Consistent with prior research we expect variation in the exercise-induced
changes in experimental and perceived pain. Previously identified clinical factors such
as psychosocial influences and central sensitization have correlated with changes in
pain following exercise in healthy populations. People with fibromyalgia will demonstrate
similar associations and those with greater conditioned pain modulation, reduced pain
summation, and minimal catastrophizing and kinesiophobia will experience greater
exercise-induced hypoalgesia.
Aim 3 will examine the change in exercising muscle and whole-body pain with eccentric
contractions that elicit exercise-induced muscle damage/delayed onset muscle
soreness.
Hypothesis 1: People with fibromyalgia will report greater pain exacerbation in the
exercising limb immediately after and up to seven days post-eccentric contractions
compared to the healthy controls.
Hypothesis 2: People with and without fibromyalgia will not demonstrate an
exacerbation of whole-body pain immediately after and up to seven days posteccentric contractions.
Hypothesis 3: A bout of eccentric contractions localized to the elbow flexors will not
lead to elevated pain ratings during a pain summation protocol immediately or two
days after in patients with fibromyalgia and healthy controls.
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Rationale: Submaximal eccentric exercise will likely lead to less delayed onset muscle
soreness and reduced accumulation of metabolic and inflammatory factors that has
been shown with maximal eccentric exercise. The reduced magnitude of delayed onset
muscle soreness with submaximal eccentric exercise will lead to pain localized to the
exercising muscle. The blunted afferent feedback and inflammatory response following
submaximal eccentric exercise will have limited impact on pain summation and
widespread body pain.
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CHAPTER 2: IMPACT OF ISOMETRIC AND CONCENTRIC EXERCISE ON PAIN AND
FATIGUE IN FIBROMYALGIA
2.1 Abstract
Purpose:
The aim of this study was to determine the local and systemic effects of isometric and
concentric muscle contractions on experimental pain and performance fatigability in
people with and without fibromyalgia.
Methods:
Forty-seven fibromyalgia (51.3±12.3yr) and forty-seven control (52.5±14.7yr) participants
performed submaximal isometric and concentric exercise for ten minutes with the right
elbow flexors. Assessments before and after exercise included pressure pain thresholds
(PPT) of the biceps and quadriceps, pain summation, self-reported exercising arm and
whole-body pain, and maximal voluntary isometric contraction (MVIC) of the right elbow
flexors and left handgrip.
Results:
People with fibromyalgia experience greater reductions in right elbow flexor MVIC
(control:-4.0±6.7%, fibromyalgia:-9.8±13.8%; p=0.013) and similar reductions in left
handgrip MVIC(-6.5±10.2%; p<0.001) as control participants, which were not different by
contraction type nor related to baseline clinical pain, perceived fatigue, or reported pain
with exercise. Following exercise both groups reported an increase in PPTs at the
biceps (mean change: +13.4 ± 48.7 kPa, p=0.004) only and a decrease in pain
summation (mean change: -0.3 ± 1.1, p=0.013). Fibromyalgia reported greater
exercising arm pain following exercise (control:0.7±1.3, fibromyalgia:2.9±2.3; p<0.001),
and both groups reported greater arm pain following concentric (isometric:1.4±2.0,
concentric:2.2±2.9; p=0.001) than isometric exercise. Neither group reported an increase
in whole-body pain following exercise.
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Conclusion:
People with fibromyalgia experienced greater performance fatigability in the exercising
muscle compared to control that was not related to central mechanisms of fatigue or
pain. These results suggest changes in performance fatigability in fibromyalgia may be
due to differences occurring at the muscular level.
2.2 Introduction
Fibromyalgia is characterized by reports of chronic widespread pain
accompanied by fatigue and other symptoms that impair quality of life (Queiroz, 2013;
Wolfe et al., 2010b; Wolfe et al., 1995). Clinical guidelines recommend exercise as a
front-line intervention to improve self-reported pain and fatigue for patients with
fibromyalgia (Bidonde et al., 2017; Bidonde et al., 2019; Busch et al., 2013b; Dowell et
al., 2016b; Sosa-Reina et al., 2017). While exercise training can alleviate symptoms of
pain and fatigue in people with fibromyalgia, many report pain and fatigue exacerbation
during and following a single exercise session (Bachasson et al., 2013; Bidonde et al.,
2019; Busch et al., 2011; Ericsson et al., 2016; Häkkinen et al., 2000; Jacobsen et al.,
1991; Jones & Liptan, 2009). Despite self-reports of increased pain and fatigue with
exercise among people with fibromyalgia, there has been limited investigation to identify
objective changes in experimental pain sensitivity (pressure pain sensitivity and pain
summation) and performance fatigability (exercise-induced decrease in muscle force)
following exercise. Furthermore with exercise (muscle contractions against an external
resistance) it is not clear if the pain and fatigue response following a single session is
localized to the exercising limb as expected with unaccustomed exercise or associated
with changes in clinical symptoms of widespread pain and fatigue (Alvarez-Gallardo et
al., 2019; Bidonde et al., 2014b; Busch et al., 2007; Geneen et al., 2017; Gowans &
deHueck, 2004; Jones et al., 2006). Equivocal evidence and anecdotal reports have led
to poor symptom management when initiating exercise in fibromyalgia which contributes
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to decreased exercise compliance. Understanding the changes in experimental pain
sensitivity and performance fatigability locally in the exercising limb and systemically in
remote non-exercising body regions following a single bout of exercise will assist
clinicians in tailoring exercise to be a more effective rehabilitation tool in managing pain
associated with fibromyalgia.
Recent advances in experimental pain assessment allow investigation beyond
self-reported pain intensity including the peripheral and central mechanisms of pain via
mechanical/pressure pain thresholds and pain summation. Prior research investigating
the acute experimental pain response to a single bout of exercise has primarily focused
on healthy young (Koltyn, 2002b; Koltyn et al., 2014) and older adults(Lemley et al.,
2015a; Naugle et al., 2016) showing reduced experimental pain sensitivity (i.e., exerciseinduced hypoalgesia) following aerobic, isometric, and dynamic exercise (Koltyn et al.,
2014; Naugle et al., 2012b; Vaegter et al., 2015a; Vaegter et al., 2015b; Vaegter et al.,
2017a). Acute pain relief following exercise occurs locally in the exercising muscle but
also systemically in remote, non-exercising regions (Lemley et al., 2015a; Vaegter et al.,
2014); suggesting pain relief from exercise may be modulated by the central nervous
system and/or circulating hormones (Koltyn et al., 2014; Lima et al., 2017). Evidence of
the influence of exercise on experimental pain sensitivity in healthy adults is not
generalizable to patients with fibromyalgia due to changes in central nervous system
processing which may lead to exacerbation of pain (Lannersten & Kosek, 2010; Sluka &
Clauw, 2016; Staud et al., 2005). Prior research investigating the acute exercise-induced
change in pain sensitivity in people with fibromyalgia focused on aerobic and isometric
exercise of varying intensity and duration; both with variable responses in pain sensitivity
(Ge et al., 2012; Hoeger Bement et al., 2011a; Kosek et al., 1996; Lannersten & Kosek,
2010; Meeus et al., 2015; Rice et al., 2019a; Staud et al., 2005; Vierck et al., 2001a).
Many of these studies incorporated bouts of high-intensity exercise which is not
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consistent with clinical guidelines that endorse a graduated exercise program of
increasing intensity and frequency to limit pain exacerbation, promote adherence, and
lead to reductions in pain (Ambrose & Golightly, 2015; Bidonde et al., 2014b; Geneen et
al., 2017; Palstam et al., 2016). Research from our laboratory identified variability in the
acute experimental pain response to sustained isometric contractions of varying intensity
and duration among patients with fibromyalgia as some demonstrated increases,
decreases, or no change in pain perception to a noxious stimulus that paralleled
changes in clinical pain (Hoeger Bement et al., 2011a). In addition, low intensity exercise
performed for longer duration was effective in reducing acute experimental pain
sensitivity in a cohort of patients with fibromyalgia (Hoeger Bement et al., 2011a).
Despite traditional exercise training protocols commonly incorporating intermittent
contractions, it is unknown whether similar variability of the acute experimental pain
response occurs with intermittent isometric and concentric muscle contractions.
Perception of fatigue at rest and during activity is highly prevalent in fibromyalgia
and is termed perceived fatigability, which is commonly measured as the change in selfreported fatigue scales (Enoka & Duchateau, 2016). In contrast, performance fatigability
is defined as a decline in an objective measure of performance such as a maximal
voluntary contraction following a physical task (Enoka & Duchateau, 2016). Performance
fatigability has not been extensively investigated in people with fibromyalgia following
exercise tasks. In healthy adults and other clinical populations, performance fatigability is
expected in the exercising limb following exercise and may vary by contraction type
(Babault et al., 2006; Hunter, 2018; Madeleine et al., 2002; Pasquet et al., 2000;
Senefeld et al., 2013; Yoon et al., 2013), as the mode of contraction (i.e. isometric and
concentric) performed during a bout of exercise may lead to varying magnitudes of
performance fatigability (Ament & Verkerke, 2009; Enoka & Duchateau, 2008; Hunter,
2018). Of the limited evidence, people with fibromyalgia experience greater perceived
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fatigue and performance fatigability compared to controls following exercise however,
participants in these studies were not matched for baseline strength and activity levels
which may have contributed to group differences (Bachasson et al., 2013; Jacobsen et
al., 1991; Srikuea et al., 2013). Additionally, it is unknown whether performance
fatigability seen in fibromyalgia is due to limitations of contractile function (muscular
fatigue) isolated to the exercising muscle or the central nervous system (central fatigue)
that impacts muscle force production in the exercising muscle and remote, nonexercising body regions (Enoka & Duchateau, 2016). Finally, the influence of contraction
type on performance fatigability is unknown in people with fibromyalgia.
The primary purpose of this study was to determine the local and systemic
effects of intermittent isometric and concentric muscle contractions matched for intensity,
duration, and duty cycle on experimental pain and performance fatigability in middleaged people with and without fibromyalgia. We aimed to identify whether after exercise,
1) changes in pain sensitivity and performance fatigability were dependent on the
muscle contraction type, 2) people with fibromyalgia have greater pain sensitivity and
performance fatigability compared with control participants, and 3) changes in
experimental pain and performance fatigability were localized to the exercising limb or
evident systemically in remote non-exercising body regions. To mitigate potential
confounding effects, patients with fibromyalgia were matched with control participants
based on age, sex, body composition, physical activity, and strength. The control
participants predominately included middle-aged women, who represent an
understudied population in the areas of exercise and pain research.
2.3 Methods
Participants
Forty-seven participants with a physician diagnosis of fibromyalgia (44 female,
mean ± SD: 51.3 ± 12.3y; range: 24-75y; BMI: 30.2 ± 6.9) and 47 control participants (44
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female, mean ± SD: 52.5 ± 14.7y; range: 20-74y; BMI: 27.7 ± 5.6) completed this study.
Exclusion criteria included known orthopedic, cardiopulmonary, neurological, or unstable
medical conditions that would preclude performance of fatiguing exercise or
experimental techniques. All participants were screened with the Physical Activity
Readiness Questionnaire (ACSM, 2018) prior to engaging in physical activity. Informed
consent was acquired before study initiation and the protocol was approved by the
Marquette University Institutional Review Board (HR-3035) according to principles of the
Declaration of Helsinki.
Experimental Protocol
Participants completed three sessions, one familiarization that included baseline
assessments and two randomized experimental sessions separated by approximately
one-week (Figure 2.1). During the familiarization session, participants were familiarized
to pressure algometry and the custom-made pressure pain device twice, first to a remote
site and subsequently to the site used during experimental sessions to mimic the study
protocol. Additional measurements included the modified 2010 American College of
Rheumatology Modified Diagnostic Criteria for Fibromyalgia (ACR) (Wolfe et al., 2011b;
Wolfe et al., 2010b), Revised Fibromyalgia Impact Questionnaire (FIQR) (Burckhardt et
al., 1991), maximal voluntary isometric contractions (MVICs) of the right elbow flexors,
and voluntary activation of the biceps brachii with the twitch interpolation technique
(Gandevia, 2001). All subjects were familiarized to performing isometric and concentric
contractions with the right elbow flexors. Subjects were issued an ActiGraph activity
monitor (ActiGraph wGT3X-BT, Pensacola, FL) to quantify physical activity for a sevenday period. During the first experimental session, dual-energy x-ray absorptiometry
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(DXA) (GE Lunar iDXA, Madison, WI) was completed and each participant completed
the Physical Activity Assessment Tool (PAAT) (Meriwether et al., 2006).
During both randomized experimental sessions perceived fatigue was measured
using the PROMIS Short Form v1.0 – Fatigue 7a (PROMIS Fatigue) (Ameringer et al.,
2016; Lai et al., 2011). Experimental pain perception, right elbow flexor MVIC, and left
handgrip MVIC were measured before and after submaximal intermittent isometric and
concentric contractions performed with the right elbow flexors. Self-reported pain and
rating of perceived exertion were measured every minute during performance of
isometric and concentric contractions.
Figure 2.1. Design of experimental sessions, a) familiarization session (session 1), b)
experimental session (session 2 & 3).

= PPTs at the biceps and quadriceps,

= arm

pain (NRS) and RPE, = arm and whole-body pain (VAS), FIQR = Fibromyalgia Impact
Questionnaire – Revised, ACR = American College of Rheumatology Modified
Diagnostic Criteria for Fibromyalgia, PROMIS – Fatigue = PROMIS Short Form v1.0 –
Fatigue 7a, DXA = dual-energy x-ray absorptiometry, PAAT = Physical Activity
Assessment Tool, MVIC = maximal voluntary isometric contraction.
a)

b)

Intermittent Submaximal Isometric & Concentric Muscle Contractions
Submaximal intermittent isometric and concentric muscle contractions were
matched for intensity (20% of maximal voluntary isometric contraction), duration (10-
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minutes), and duty-cycle (2-s contraction: 1-s relaxation). Each subject matched a target
force line indicating 20% of MVIC on a computer monitor placed 1 m from the subject.
Verbal encouragement was provided throughout both exercise tasks.
Computerized Pressure Algometer: Biceps and Quadriceps
Pressure pain thresholds (PPTs) were measured before and after exercise with a
pressure algometer (Somedic Algometer Type II, Hörby, Sweden) locally at the
exercising limb (right biceps) and systemically in the right quadriceps. Two trials
separated by a 10-second intertrial interval were performed at each site with a 1-cm2
rubber tip using a ramp protocol increasing applied pressure at a rate of 50 kPa/sec. The
average of the two assessments at each site were used for data analysis. PPTs were
recorded with participants seated upright in a Biodex System 3 Pro with the upper
extremity supported in 40° shoulder flexion and 15° elbow flexion, bilateral feet were
rested on a footrest with hips and knees at 90° flexion. The right biceps site was marked
at 2/3 distance between the anterior border of the acromion to the superior border of the
cubital fossa and the right quadriceps site was marked midway between the anterior
superior iliac spine and the mid-patella.
Customized Pressure Pain Device: Finger
A custom-made pressure pain device (Romus, Inc, Milwaukee WI) was used to
measure pain perception with isometric and concentric muscle contractions (Hoeger
Bement et al., 2011a; Hoeger Bement et al., 2009). A weighted Lucite edge was placed
on the left index finger for 2-minutes, the equivalent of 1-kg mass was applied to controls
while a 0.75-kg mass was applied to participants with fibromyalgia. A lesser mass was
used with fibromyalgia participants to facilitate completion of the two-minute trial despite
their increased pain sensitivity (Hoeger Bement et al., 2011a). Subjects reported “pain”
when they first perceived pain (i.e., pain threshold) and the time in seconds was
recorded. Pain ratings were reported every 20-seconds using a 0 to 10 numerical pain
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rating scale. Summation of pain during the constant noxious stimulus was calculated as
the difference from the last pain rating (120 sec) to the first (0 sec).
Self-Reported Arm Pain and Perceived Exertion During Exercise
During both exercise tasks, participants were asked to rate exercising arm pain
and perceived exertion upon initiation, every minute during, and at completion of the 10minute exercise task. Perceived pain was measured with a 0 to 10 numerical rating
scale (NRS) with anchors of 0 = no pain; 5 = moderate pain; and 10 = worst pain (Farrar
et al., 2001; Turk et al., 1993). Perceived exertion was measured with the modified Borg
Rating of Perceived Exertion (RPE) scale with anchors 0 = “nothing at all” and 10 = “very
very strong” (Borg, 1998).
Self-Reported Exercising Arm and Whole-Body Pain Intensity Before and After
Exercise
Self-reported arm and whole-body pain was rated before and after the 10-minute
exercise bout with a 0-10 cm visual analogue scale (VAS) with anchors of no pain and
worst pain (Turk et al., 1993). Arm and whole-body pain were assessed in reference to
performing gross limb and whole-body movement such as mimicking reaching forward a
picking up a cup and walking and squatting to pick something up from the floor
respectively.
Elbow Flexor Maximal Voluntary Isometric Contractions & Voluntary Activation
Maximal voluntary isometric contractions (MVIC) were performed by each
participant with the right elbow flexors while seated in a Biodex System 3 PRO (Biodex
Medical Systems, Inc., Shirley, New York). The participant’s forearm was placed in a
modified forearm orthosis attached to the dynamometer. Each participant was seated
with their hips and knees flexed to 90° flexion, right shoulder in 40° flexion, right elbow in
90° flexion, and a neutral forearm position. The setup and positioning for maximal
voluntary isometric testing was maintained throughout sessions. Participants were

39
verbally encouraged to contract as strong as they could and build as much force for 3-5
seconds with visual feedback of torque production on a computer monitor placed 1m
from the subject. Torque recordings from the dynamometer were recorded online and
digitized using a Power 1401 analog-to-digital converter and Spike 2 software
[Cambridge Electronics Design (CED), Cambridge, UK] at 500 samples per second.
Participants were familiarized to MVICs during the familiarization session and two MVICs
were performed prior to isometric and concentric muscle contractions to identify a load
equivalent of 20% of MVIC. MVICs were performed after isometric and concentric
muscle contractions to measure the local exercise-induced decrease in muscle force
production (i.e., fatigue of the exercising muscle).
Voluntary activation was assessed using the interpolated stimulus technique
(Gandevia, 2001) to evaluate the participants’ ability to maximally activate their biceps
muscle and generate torque during performance of MVICs. This technique involved
superimposing an evoked contraction with electrical stimulation over the biceps brachii
during performance of the MVICs. The biceps brachii was stimulated with a paired
stimulus by a constant-current stimulator (Digitimer, DS7AH, Welwyn Garden City, UK)
with surface electrodes [30 x 22 mm] (Ambu Neuroline 715, Columbia, MD). Intensity of
paired stimulations was increased by 50mA until there was a plateau in force and no
further increase in evoked force with two consecutive stimulations. The stimulation
intensity was increased a further 20% to provide supramaximal stimulations during the
torque plateau of each MVIC (superimposed twitch) and then while the muscle was
relaxed ~3-seconds after cessation of the MVIC (potentiated twitch). To determine
voluntary activation using the twitch interpolation technique (Gandevia, 2001), the
increase in elbow flexion torque evoked by a stimulation during MVIC (superimposed
twitch) was expressed as a fraction of the torque amplitude during stimulation while the
biceps muscle was relaxed (potentiated twitch) and quantified as a percentage using the
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following formula: [(1 − superimposed twitch/potentiated twitch) × 100]. The potentiated
twitch was further analyzed for peak amplitude and half-relaxation time/rate (Gandevia,
2001).
Handgrip Maximal Voluntary Isometric Contraction
Left handgrip MVIC was assessed before and after isometric and concentric
muscle contractions with a handgrip dynamometer (JAMAR Hydraulic Hand
Dynamometer, Sammons Preston, Bolingbrook, IL). Participants were positioned with
their left shoulder in neutral, elbow flexed to 90°, forearm and wrist in neutral.
Participants were verbally encouraged to squeeze as strong as possible for 3-5 seconds.
Maximal contractions were performed prior to and upon completion of each exercise
task to measure systemic fatigue following the exercise task.
Physical Activity and Body Composition
Participants wore activity monitors (ActiGraph wGT3X-BT, Pensacola, FL) on the
non-dominant wrist for seven days to quantify the percent of time spent in sedentary,
light activity, and moderate-to-vigorous activity. Daily logs tracking sleep time, physical
activity, and any removal time were completed by participants. Data were downloaded
and analyzed using ActiLife software (ActiLife 6.13.1, Pensacola, FL). Non-wear and
sleep time were identified and removed using the Troiano algorithm (Choi et al., 2012)
and daily logs to calculate amount of physical activity time. Data from four validated days
(wear time of at least 10 hours) were used for analysis as four days has been shown to
be representative of a week’s average of physical activity (Migueles et al., 2017).
Percent of time spent in sedentary, light, and moderate-to-vigorous activity were
estimated using cut points based on Freedson’s algorithm and the worn on wrist option
was selected to mathematically depress counts (Freedson et al., 1998; Rosenberger et
al., 2013). Self-reported physical activity was measured with the Physical Activity
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Assessment Tool (PAAT) (Meriwether et al., 2006) and time spent in moderate to
vigorous intensity activity is reported.
Body composition was quantified using a GE Lunar iDXA (GE, Madison, WI).
Participants were instructed to refrain from eating and drinking 1-2 hours prior to
scanning. Scans were analyzed using Encore software (GE, Madison, WI) and
measures of total lean mass (kg), total fat mass (kg), right arm lean mass (kg), and right
arm fat mass (kg) were obtained. Because exercise was performed with the right elbow
flexors, right arm fat mass and lean mass were used as an indicator of regional body
composition.
2.4 Statistical Analysis
All data were analyzed using IBM SPSS (Version 26, IBM, Armonk, NY, USA).
Normality and linearity were evaluated with the Shapiro-Wilk test and visual inspection
via Q-Q plots. Data are reported as mean ± SD in text and tables and displayed as mean
± SEM in figures. Differences between means were tested with paired-samples and
independent samples t-test. Repeated measures analysis of variance was used to
compare the following variables across session and time with between subject factor of
group: elbow MVIC, handgrip MVIC, experimental pain threshold, pain and RPE during
exercise, and the change in arm and whole-body pain after exercise. Pressure pain
thresholds were analyzed with a repeated measures analysis of variance with variables
of session, time, site, and between subject factor of group. Pain summation was
analyzed with a repeated measures analysis of variance with variables of session, time,
summation, and between subject factor of group. Post hoc tests were applied where
appropriate. Pearson product moment correlations were calculated to determine
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associations between variables. A more stringent alpha level, p ≤ 0.02, was selected for
statistical significance to minimize type I and II error (Garamszegi, 2006).
2.5 Results
Participant Descriptors / Characteristics
Descriptive statistics for the study sample are listed in Table 2.1 control and
fibromyalgia groups were matched for age (control: 52.5 ± 14.7; fibromyalgia: 51.3 ±
12.3), sex (control: 44 Female (F), 3 Male (M); fibromyalgia: 44 F, 3 M), and BMI
(control: 27.7 ± 5.6; fibromyalgia: 30.2 ± 6.9) with both groups falling in the overweight to
obese category. Both groups had similar total lean mass, total fat mass, right arm lean
mass, and right arm fat mass. Both groups self-reported similar amount of moderate-tovigorous activity minutes per week via the PAAT. Each group spent similar amount of
time in sedentary, light, and moderate-to-vigorous activity as measured by the
ActiGraph. The mean symptom severity score on the 2010 ACR Diagnostic Criteria for
Fibromyalgia at time of enrollment was 16.6 ± 5.8. The fibromyalgia group had a mean
total FIQR score of 48.5 ± 19.7. The fibromyalgia group reported greater perceived
fatigue on the PROMIS Short Form Fatigue 7a (p < 0.001); neither group reported
differences in perceived fatigue across isometric and concentric experimental sessions
(p > 0.05) therefore, values from the isometric session are reported.
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Table 2.1. Participant Characteristics. Data presented at mean ± SD, * = p<0.001.
Control

Fibromyalgia

47

47

Age

52.5 ± 14.7

51.3 ± 12.3

Sex

44 F, 3 M

44 F, 3 M

Body Mass Index

27.7 ± 5.6

30.2 ± 6.9

Total Lean Mass (kg)

43.7 ± 7.2

44.3 ± 7.5

Right Arm Lean Mass (kg)

2.4 ± 0.6

2.4 ± 0.7

28.5 ± 12.2

33.6 ± 12.8

1.5 ± 0.7

1.8 ± 0.7

420.2 ± 424.0

413.9 ± 591.2

% Time in Sedentary

31.5 ± 10.3

35.3 ± 11.7

% Time in Light Activity

48.3 ± 7.3

45.7 ± 8.0

% Time in Mod-Vig Activity

20.2 ± 9.2

19.0 ± 8.5

Met Criteria

---

32

Did Not Meet Criteria

---

15

Severity Scale

---

16.6 ± 5.8

---

48.5 ± 19.7

PROMIS Short Form Fatigue 7a

13.4 ± 5.1

22.1 ± 5.6*

Voluntary Activation (%)

93.9 ± 8.0

93.5 ± 8.7

Potentiated Twitch Amplitude (Nm)

5.6 ± 2.5

5.9 ± 2.5

44.9 ± 15.0

51.0 ± 14.3

-1.0 ± 0.7

-0.9 ± 0.6

Number of Participants

Total Fat Mass (kg)
Right Arm Fat Mass (kg)
PAAT Mod-Vig Activity (min/week)
ActiGraph

ACR Diagnostic Criteria for Fibromyalgia

Revised Fibromyalgia Impact Questionnaire

Half-Relaxation Time (ms)
Half-Relaxation Rate

Voluntary Activation, Muscle Twitch Properties, Elbow Flexor MVIC, & Handgrip
MVIC
Baseline Voluntary Activation, Muscle Twitch Properties, & Elbow Flexor
Strength: Participants with fibromyalgia had similar activation properties as the control
participants that included voluntary activation of the right biceps, baseline twitch
amplitude, and half-relaxation time (Table 2.1). MVIC torque of the right elbow flexors
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was also similar at the beginning of all sessions and between control and fibromyalgia
participants (Table 2.2a & b, Figure 2.1a).
Right Elbow Flexor Performance Fatigability: Right elbow flexor MVIC torque
decreased following exercise (i.e. performance fatigability) (Time (pre- to post-exercise):
F(1,92) = 42.47, p < 0.001, ηp2 = 0.316) with a mean decline of 7.2%. The performance
fatigability differed by group (Time (pre- to post-exercise) x Group: F(1,92) = 5.88, p =
0.017, ηp2 = 0.060), with post hoc analysis showing people with fibromyalgia showing
greater declines in MVIC torque (performance fatigability) than control (control: -4.0 ±
6.7%, fibromyalgia: -9.8 ± 13.8%; t(66.44) = 2.56, p = 0.013). The reduction in MVIC
torque was similar after the isometric and concentric exercise (Contraction (isometric v
concentric) x Time: F(1,92) = 1.53, p = 0.219).
Left Handgrip Strength and Performance Fatigability: Baseline handgrip MVIC
was similar across sessions and between control and fibromyalgia participants (p > 0.05)
(Table 2.2a & b, Figure 2.2b). Left handgrip MVIC decreased following exercise (Time
(pre- to post-exercise) F(1,92) = 53.04, p < 0.001, ηp2 = 0.368) with a mean decline of 6.5
± 10.2%. The change in left handgrip MVIC was not different between exercise types
(Contraction (isometric v concentric) x Time (pre- to post-exercise): F(1,92) = 2.17, p =
0.144) or groups (Group x Time (pre- to post-exercise): F(1,92) = 1.61, p = 0.208).
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Table 2.2. Clinical Pain, Experimental Pain, RPE, and MVIC Before and After Exercise
for a) control and b) fibromyalgia. Data presented as mean ± SD.
a)
Mean Change Arm Pain During
Exercise (0-10 NPRS)
Mean Change RPE During
Exercise (0-10 modified Borg)
Elbow Flexor MVIC
(Nm)
Handgrip MVIC
(kg)
Arm Pain
(0-10 cm VAS)
Whole Body Pain
(0-10 cm VAS)
PPT – Biceps
(kPa)
PPT – Quadriceps
(kPa)
Pressure Pain Device–Threshold
(sec)
Pressure Pain Device–Summation
(0-10)

Concentric

1.4 ± 2.5

3.7 ± 3.4

4.6 ± 2.6

5.9 ± 2.2

Pre

Post

Pre

Post

40.0 ± 12.2

38.0 ± 12.2

40.6 ± 13.0

39.2 ± 11.2

29.2 ± 8.4

27.7 ± 7.9

28.5 ± 8.1

27.4 ± 8.0

0.0 ± 0.0

0.7 ± 1.4

0.0 ± 0.0

1.4 ± 2.0

0.1 ± 0.4

0.2 ± 0.7

0.0 ± 0.2

0.2 ± 0.6

241.8 ± 80.3

262.4 ± 87.5

254.0 ± 105.9

269.3 ± 108.3

366.6 ± 132.7

365.3 ± 129.5

354.3 ± 128.5

362.9 ± 132.8

23.8 ± 21.1

25.2 ± 23.7

23.1 ± 22.3

26.0 ± 23.4

6.3 ± 3.1

6.3 ± 2.9

6.4 ± 3.0

6.2 ± 3.2

b)
Isometric

Mean Change Arm Pain During
Exercise (0-10 NPRS)
Mean Change RPE During
Exercise (0-10 modified Borg)
Elbow Flexor MVIC
(Nm)
Handgrip MVIC
(kg)
Arm Pain
(0-10 cm VAS)
Whole Body Pain
(0-10 cm VAS)
PPT – Biceps
(kPa)
PPT – Quadriceps
(kPa)
Pressure Pain Device–Threshold
(sec)
Pressure Pain Device–Summation
(0-10)

Control

Isometric

Fibromyalgia

Concentric

5.2 ± 2.9

6.3 ± 3.3

6.4 ± 2.4

7.1 ± 2.4

Pre

Post

Pre

Post

38.0 ± 13.0

33.7 ± 13.5

37.3 ± 13.8

34.0 ± 12.0

27.6 ± 8.8

25.3 ± 9.9

27.1 ± 9.2

25.6 ± 10.0

0.6 ±1.5

3.0 ± 2.9

0.5 ± 1.5

4.3 ± 3.2

3.2 ± 2.3

3.9 ± 2.8

3.0 ± 2.4

4.1 ± 3.0

162.0 ± 90.3

168.7 ± 94.5

164.4 ± 87.6

175.4 ± 105.8

260.3 ± 121.0

252.5 ± 133.0

260.2 ± 141.3

245.5 ± 145.1

18.4 ± 18.6

15.7 ±17.3

15.2 ± 13.9

18.0 ± 18.0

7.3 ± 2.8

7.0 ± 2.8

7.2 ± 3.1

6.6 ± 3.1
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Figure 2.2. Exercise-induced fatigue measured by changes in maximal voluntary
isometric contractions (MVIC) before and after isometric (iso) and concentric (conc)
exercise for a) right elbow flexors (Nm) and b) left handgrip (kg). Significant effect of time
(pre-to-post exercise = *) and differences between groups (Time x Group = #).
a)

b)
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Perceived Arm Pain and Exertion During Exercise
Perceived arm pain increased during isometric and concentric exercise (Time
(during exercise): F(1.71, 157.7) = 154.67, p < 0.001, ηp2 = 0.627) and arm pain ratings
differed by exercise type (Contraction (isometric v concentric) x Time (during exercise):
F(2.75,253.05) = 21.3, p < 0.001, ηp2 = 0.188) with post hoc demonstrating greater
change in arm pain with concentric (mean change = 5.0 ± 3.6) compared to isometric
(mean change = 3.3 ± 3.3) (t(93) = -6.34, p < 0.001) (Table 2.2, Figure 2.3a). Arm pain
differed by group (Group (control v fibromyalgia) X Time (during exercise): F(1.71,157.7)
= 17.85, p < 0.001, ηp2 = 0.162); post hoc showed a greater increase in arm pain for
fibromyalgia (mean change = 5.8 ± 2.8) compared to control (mean change = 2.6 ± 2.7)
(t(92) = -5.63, p < 0.001). A significant interaction of Contraction (isometric v concentric)
x Time (during Ex) x Group (control v fibromyalgia) (F(2.75,253.05) = 7.10, p < 0.001,
ηp2 = 0.072) was demonstrated for arm pain during exercise. Post hoc demonstrates the
change in arm pain in fibromyalgia during concentric exercise (6.3 ± 3.3) was greater
than the change in arm pain in fibromyalgia during isometric (5.2 ± 2.9, t(46) = -3.07, p =
0.004), control during concentric (3.7 ± 3.4, t(92) = 3.84, p < 0.001), and control during
isometric (1.4 ± 2.5, t(85.6) = 8.19, p < 0.001). The change in arm pain in fibromyalgia
during isometric exercise (5.2 ± 2.9) was greater than the change in arm pain in control
during concentric (3.7 ± 3.4, t(92) = 2.35, p = 0.02) and control during isometric (1.4 ±
2.5, t(92) = 6.77, p < 0.001). The control reported greater arm pain during concentric (3.7
± 3.4) compared to isometric (1.4 ± 2.5) (t(46) = -6.03, p < 0.001).
Rating of perceived exertion increased during exercise (Time (during exercise):
F(2.63,241.82) = 327.66, p < 0.001, ηp2 = 0.781) and differed by exercise type
(Contraction (isometric v concentric) x Time (during exercise): F(3.25, 22.56) = 7.88, p <
0.001, ηp2 = 0.079) with post hoc demonstrating greater change in RPE with concentric
(mean change = 6.5 ± 5.5) compared to isometric (mean change = 5.5 ± 2.8) (t(93) = -
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3.63, p < 0.001) (Table 2.2, Figure 2.3b). RPE was greater for fibromyalgia than control
(Group X Time (during Ex); F(2.63, 241.82) = 5.89, p = 0.001, ηp2 = 0.060 with post hoc
showing a greater increase in RPE for fibromyalgia (mean change = 6.7 ± 2.5) compared
to control (mean change = 5.2 ± 2.0) (t(92) = -3.15, p = 0.002).
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Figure 2.3. Change in a) pain (0-10 numerical pain rating scale) and b) rating of
perceived exertion (modified Borg Scale) during isometric (iso) and concentric (conc)
exercise. Pain and RPE increased during the 10-minute exercise (time = *). People with
fibromyalgia had greater pain and RPE during exercise compared to CON (Time x
Group = #). There was a greater increase in pain and RPE during concentric exercise
compared to isometric (Time x Contraction). Ex = exercise, RPE = rating of perceived
exertion, min = minutes, iso = isometric, conc = concentric, CON = control, FM =
fibromyalgia.
a)

b)
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Change in Self-Reported Arm and Whole-Body Pain Following Exercise
Self-reported arm pain relative to movement was assessed immediately before
and after the exercise protocol increased (Time: F(1, 92) = 88.49, p < 0.001,
ηp2 = 0.490), which was greater for participants with fibromyalgia (Group (control v
fibromyalgia) x Time (pre- to post-exercise): F(1, 92) = 33.38, p < 0.001, ηp2 = 0.266)
(Table 2.2). Post-hoc analysis reveals that participants with fibromyalgia reported a
greater increase in arm pain following exercise (control: 0.7 ± 1.3, fibromyalgia: 2.9 ±
2.3; t(71.74) = -5.78, p < 0.001). Exercise type also led to differences in arm pain
following exercise (Contraction (isometric v concentric) x Time (pre- to post-exercise):
F(1,92) = 11.31, p = 0.001, np2 = 0.110) with greater increases following concentric
contractions than the isometric exercise (isometric: 1.4 ± 2.0, concentric: 2.2 ± 2.9; t(93)
= -3.35, p = 0.001).
Self-reported whole-body pain relative to movement increased following exercise
(Time (pre- to post-exercise): F(1, 92) = 10.53, p = 0.001, ηp2 = 0.103) however, posthoc analysis showed no increase (p > 0.05) (Table 2.2). The change in whole body pain
was similar across exercise types (Time (pre- to post-exercise) x Contraction (isometric
v concentric): F(1,92) = .467, p = 0.496) and groups (Time (pre- to post-exercise) x
Group: F(1,92) = 5.03, p = 0.027).
Computerized Pressure Algometer: Biceps and Quadriceps
Control participants reported higher baseline PPTs compared with fibromyalgia
participants at the biceps and quadriceps across all three sessions (p<0.01) (Figure
2.4a & 2.4b). Baseline PPTs were similar across sessions for both groups (p>0.05).
Higher PPTs were assessed at the quadriceps than the biceps (Site (bicep v quad):
F(1,92) = 164.82, p < 0.001, ηp2 = 0.642). Following exercise, the change in PPTs
differed by site (Site (bicep v quad) x Time (pre- to post-exercise: F(1,92) = 6.41, p =
0.013, ηp2 = 0.065) with post hoc analysis showing PPT at the biceps increased
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following exercise (mean change: +13.4 ± 48.7 kPa, p = 0.004) and remained
unchanged at the quadriceps (mean change: -3.8 ± 45.8 kPa, p = 0.370). The change in
PPTs were not different between groups (Group x Time (pre- to post-exercise):
F(1,92) = 1.92, p = 0.169) or exercise type (Contraction (isometric v concentric) x Time:
F(1,92) = 0.007, p = 0.933). The change in PPTs (absolute and relative) at the biceps
and quadriceps were not correlated with any of the self-report pain assessments
(change in arm and whole-body pain, or pain during exercise).
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Figure 2.4. Change in pressure pain thresholds (kPa) before to after exercise a) locally
at the exercising biceps and b) systemically at the quadriceps. Control had higher PPTs
than fibromyalgia (Group effect = #). Following exercise there was an increase in PPTs
at the bicep (Site x Time = *) and not the quadriceps. PPT = pressure pain threshold, Ex
= exercise, iso = isometric, conc = concentric, CON = control, FM = fibromyalgia.
a)

b)
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Customized Pressure Pain Device: Finger
Baseline (pre-exercise) pain threshold with the two-minute pressure pain device
was similar between groups and consistent across all three sessions (Table 2.2). There
were no changes in pain threshold following performance of isometric and concentric
exercise (Time: F(1,87) = 1.37, p = 0.246) and not related to exercise type (Time (pre- to
post-exercise) x Contraction (isometric v concentric): F(1,87) = 2.37, p = 0.127) or
groups (Time (pre- to post-exercise) x Group: F(1,87) = 1.15, p = 0.286) (Figure 2.5a).
Summation of pain from the constant noxious stimulus occurred during all assessments
in control and fibromyalgia (Summation: (0 to 2-min): F(1.88, 173.10) = 309.53, p <
0.001, ηp2 = 0.771) (Table 2.2 & Figure 2.5b). Control and fibromyalgia participants
demonstrated similar baseline (pre-exercise) pain summation across sessions (control:
6.9±3.0, 6.3±3.1, 6.4±3.0; fibromyalgia: 7.3±2.9, 7.3±2.8, 7.2±3.1). (Figure 2.5b).
Summation of pain decreased following exercise (Summation X Time (pre- to postexercise): F(3.30, 303.65) = 5.88, p < 0.001, ηp2 = 0.060) with post hoc demonstrating a
reduction in pain summation (mean change: -0.3 ± 1.1, t(93) = 2.52, p = 0.013). The
change in summation did not differ by exercise type (Contraction x Time x Summation:
F(3.86, 352.0) = 1.43, p = 0.227) or between groups (Group x Time x Summation:
F(3.30, 303.65) = 1.10, p = 0.351). The change in pain summation (absolute and relative)
was not correlated with any self-report pain assessments (change in whole-body pain or
pain during exercise).
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Figure 2.5. Change in a) pain threshold (sec) and b) pain summation (0-10 numerical
pain rating scale) before and after isometric (iso) and concentric (conc) exercise.
Significant pain summation (*) and differences in summation by time (pre- to postexercise = #). CON = control, FM = fibromyalgia, sec = seconds, iso = isometric, conc =
concentric, Ex = exercise.
a)

b)
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Relation between Baseline Clinical Pain, Perceived Fatigue, & Pain during
Exercise to Performance Fatigability
Correlations to performance fatigability for isometric and concentric contractions
were combined due to lack of task specificity for elbow flexor and handgrip fatigability.
Correlations between baseline clinical pain (ACR , FIQR, whole-body pain VAS) did not
correlate with performance fatigability of the right elbow flexors (ACR: r = -0.141, p =
0.345; FIQR: r = 0.009, p = 0.951; whole-body pain VAS: r = 0.041, p = 0.783) or left
handgrip (ACR: r = -0.289, p = 0.049; FIQR: r = -0.227, p = 0.124; whole-body pain VAS:
r = -0.161, p = 0.280). Baseline perceived fatigue (PROMIS-Fatigue) did not correlate
with performance fatigability at the right elbow flexors (r = -0.011, p = 0.942) or left
handgrip (r = -0.108, p = 0.468). Self-reported pain during exercise (NPRS) did not
correlate with performance fatigability at the elbow flexors (r = -0.088, p = 0.558) or
handgrip (r = -0.065, p = 0.664).
2.6 Discussion
The novel findings of this study are that people with and without fibromyalgia did
not experience detrimental changes in experimental pain sensitivity following isometric
or concentric exercise of clinically appropriate intensity; pressure pain thresholds were
similar at the exercising muscle (locally) and remotely. The fibromyalgia group did report
greater pain locally in the exercising muscle however, neither controls nor people with
fibromyalgia experienced changes in widespread body pain which was supported by a
small reduction in pain summation. In addition to pain, we show that people with and
without fibromyalgia experience similar reductions in handgrip strength in response to
isometric and concentric fatiguing contractions while people with fibromyalgia show
greater performance fatigability in the exercising muscle that was not related to baseline
clinical symptoms or pain experienced during exercise. These results suggest the
greater performance fatigability in the exercising muscle of people with fibromyalgia was
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not related to a widespread central mechanism of fatigue or pain but specific to changes
occurring locally in the exercising muscle.
Despite our participants with fibromyalgia having clinical symptoms of pain and
perceived fatigue, we show performance of submaximal exercise did not adversely
influence clinical widespread pain, regardless of contraction type. Furthermore, the pain
response to exercise was predominately localized in the exercising muscle in people
with and without fibromyalgia. Similar to prior work, changes in pressure pain sensitivity
following exercise may be dependent on assessment site (Melia et al., 2019), thus
assessment of local and remote sites may provide a better scope of local and systemic
changes from exercise. The novel finding of a reduction in pain summation is in contrast
to prior work demonstrating increased pressure pain sensitivity and pain summation with
sustained submaximal isometric contractions and exercise to exhaustion (Lannersten &
Kosek, 2010; Staud et al., 2005; Vierck et al., 2001a). These results were supported by
a lack of increase in widespread body pain assessed via self-report and with PPTs at the
quadriceps. This indicates the pain response following submaximal exercise may be
attributable to a local post-exercise muscle soreness that is commonly experienced in
those who are naïve with exercise and may have been attributable to mechanical,
chemical, and noxious stimuli in the exercising muscle (MacIntyre et al., 1995).
Additionally, the local pain response was not sufficient to lead to augmented pain
summation from repeated afferent nociceptive input from the exercising muscle.
Changes in pain summation following exercise may be dose dependent as prior studies
show exercise of higher intensity may lead to heightened pain summation (Staud et al.,
2005; Vierck et al., 2001a). Minor reductions in pain summation seen in this study may
be attributable to performance of light-intensity exercise that did not lead to augmented
pain summation.
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In contrast to experimental pain sensitivity, contraction type did influence selfreported arm pain during and following exercise and perceived exertion during exercise
for control and fibromyalgia subjects. Concentric contractions lead to greater perceived
pain compared to isometric despite same intensity of exercise relative to the MVIC
possibly because concentric contractions require greater metabolic demand compared
with isometric contractions (Feher, 2017; MacIntosh et al., 2012; Radák, 2018). Despite
both groups having elevated arm pain during exercise, greater perceived pain and
exertion was reported by fibromyalgia participants as they achieved clinically relevant
increases in arm pain following both contraction types (>2-point change) (Farrar et al.,
2001), while control participants did not. The increase in local arm pain may be due to
augmented sensory feedback associated with accumulation of fatigue metabolites (Ge et
al., 2012; Staud, 2010; Staud et al., 2009). Neither group reported a significant increase
in whole-body pain following isometric or concentric exercise, reinforcing the local effects
of exercise within exercising muscle tissue on perceived pain in fibromyalgia versus
changes in systemic clinical symptoms associated with pain summation. Despite
increases in perceived pain locally in the exercising arm, submaximal isometric or
concentric exercise did not lead to increased pressure pain sensitivity. Reinforcing the
need of evaluating both clinical and experimental pain as each construct may provide
unique attributes of the pain experience (Backonja et al., 2013).
Despite MVICs being performed five minutes following termination of the
exercise task as participants were recovering, people with and without fibromyalgia
experienced performance fatigability in the exercising elbow flexors and remotely in the
non-exercising, contralateral handgrip that was not task dependent. Performance
fatigability of the elbow flexors was greater in the fibromyalgia group while similar
changes were seen systemically measured via handgrip. The greater performance
fatigability in fibromyalgia was not explained by clinical symptoms of pain, perceived
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fatigue, or pain experienced during the exercising task. These results are in contrast to
previous studies reporting relation between elevated clinical symptoms and inhibition of
force production following exercise (Cardinal et al., 2019; Chimenti et al., 2018;
Mastaglia, 2012). Further evaluation of neuromotor function showed both groups were
comparable in their ability to activate the right biceps brachii as similar neural drive
(voluntary activation) and muscle contractile properties (twitch amplitude and half
relaxation time) were assessed at baseline. These findings corroborate similar baseline
elbow flexor and handgrip MVIC, indicating fibromyalgia participants were not at a
reduced neuromuscular capacity compared to controls. Therefore, both groups
performed similar intensity of exercise when matched at 20% of MVIC during each
exercise bout. The lack of differences in resting measures of central neural drive and
peripheral contractile properties in combination with greater local performance fatigability
in the exercising elbow flexors without systemic change in handgrip strength suggests
there may be local metabolic changes within the exercising muscle during exercise that
contributes to performance fatigability.
Lack of differences in performance fatigability between the two contraction types
provides evidence that isometric and/or concentric based exercise may be implemented
in fibromyalgia with similar effects on motor function. The exercise protocols used in this
study are similar to rehabilitation practices where single limb exercise is initially
prescribed at submaximal levels prior to progression to whole-body/multi-joint exercise.
These results indicate exercise leads predominately to local effects on motor
performance following exercise. Clinicians should be cognizant when initiating
submaximal exercise in people with fibromyalgia as greater reductions in local motor
function may inhibit subsequent exercise that is directed to similar muscle groups.
Although similar systemic reductions in force generation occurred in control and
fibromyalgia, clinicians should be aware that muscle groups in remote body regions may

59
demonstrate physiological fatigue that may influence systemic muscle performance
during subsequent daily activity and exercise bouts directed to previously non-exercised
muscle groups.
A strength of this study was the ability to examine changes in experimental pain,
clinical pain, and performance fatigability in middle-aged people with and without
fibromyalgia matched for age, sex, body composition, physical activity, and strength
thereby reducing the influence of each factor on the response to exercise. Both groups
had comparable elbow flexor and handgrip force generating capacity, indicating similar
physical fitness levels despite increased symptomology in the fibromyalgia group. The
similarities between the groups allows for better comparison of the influence of clinical
pain and fatigue commonly experienced in fibromyalgia on the response to exercise as
well as the opportunity to advance knowledge of the pain and fatigue response to
exercise in an understudied population of middle-aged women. Furthermore, our
fibromyalgia participants were of similar age and symptom severity as prior clinical
studies (Bennett et al., 2009; Hauser et al., 2011; Walitt et al., 2015). These results are
generalizable to middle-aged people with and without fibromyalgia, which contrasts with
prior reports investigating the influence of exercise on pain and fatigue in fit, young
healthy adults. Both groups reported increases in self-reported arm pain and
experienced performance fatigability localized to the exercising limb which may be
expected when performing novel exercise in a sample who are overweight-obese and of
middle age.
The results of this study hold significant clinical implications because intermittent
muscle contractions are routinely performed with exercise training. These results are in
contrast with anecdotal reports and light intensity exercise may be implemented in
people with fibromyalgia without having detrimental effects on widespread body pain and
fatigue. Clinicians may consider initiating exercise in fibromyalgia with isometric based
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contractions to reduce the impact perceived pain and exertion during bouts of exercise.
This study highlights the importance of prescribing light intensity exercise to a limited
body region prior to progressing towards whole-body exercise in order to prevent
systemic changes in whole-body pain. Clinicians should assess and manage localized
exercise-evoked pain and fatigue during and after a bout of submaximal exercise.
Adjunct pain management techniques devoted to the exercising limb may be beneficial
in reducing pain during single bouts of exercise (Dailey et al., 2013; Dailey et al., 2020),
which may lead to improved tolerance during single sessions of exercise and improve
compliance with repeated sessions of exercise as required for training. Additionally,
patient education directed towards localized muscle pain following exercise can set
appropriate expectations of the exercise response for people with fibromyalgia.
Limitations
Fibromyalgia symptom severity may have fluctuated throughout the three weeks
of study participation as prior research demonstrates people with fibromyalgia
experience fluctuating intensity of symptomology (Harris et al., 2005; Wolfe et al., 2011b)
which may have influenced experimental and clinical assessments. However, our study
design included assessment of pain and fatigue before each exercise session and
differences were not seen between sessions. Experimental pain was evaluated
immediately after each exercise bout, further research needs to investigate whether
longer time durations are needed to capture systemic changes in pressure pain
sensitivity following exercise. Post-exercise assessment of elbow flexor and handgrip
MVIC were performed after completion of all post-exercise clinical and experimental pain
assessments. MVIC assessments were completed approximately five minutes after
completion of both exercise tasks. Despite the potential for recovery of MVIC during this
time frame both groups experienced exercise-induced decreases in force production.
Finally, MVIC was used to match the submaximal intensity between the isometric and
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concentric contractions and may have contributed to differences in effort between the
two contraction types. The MVIC was done at the optimal joint angle for an isometric
contraction of the elbow flexors and may be less advantageous for dynamic contractions
at the end ranges of motion thereby resulting in greater effort perceived by the
participant.
2.7 Conclusion
We assessed clinically recommended light-intensity exercise, with isometric and
concentric contractions, and showed similar changes in experimental pain sensitivity in
people with and without fibromyalgia that was not dependent on the type of muscle
contraction performed. People with fibromyalgia however, reported greater pain locally in
the exercising limb with no changes in systemic widespread body pain which was
supported by small decreases in pain summation. If people with fibromyalgia have a
primary limitation of pain during exercise, then isometric contractions may be beneficial
to start with for an individually tailored approach.
People with and without fibromyalgia experience performance fatigability
following exercise irrespective of contraction type. Greater performance fatigability in the
exercising muscle of people with fibromyalgia was not attributed to a widespread
mechanism of central fatigue or related to baseline clinical symptoms and exerciseinduced pain. Our study suggests the local performance fatigability may be attributed to
changes occurring in the muscle or central nervous system input to the muscle that are
specific to fibromyalgia; these changes are independent of previously known factors that
contribute to fatigue including sex, body composition, physical activity, and baseline
strength.
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CHAPTER 3: PAIN AND FATIGUE FOLLOWING SUBMAXIMAL EXERCISE IN
FIBROMYALGIA: EXERCISE RECOVERY OR SYMPTOM EXACERBATION?
3.1 Abstract
Purpose:
Exercise is recommended as a front-line treatment for people with fibromyalgia however,
anecdotal reports from patients and clinicians describe exacerbation of pain and fatigue
following single bouts of exercise. The aim of this study was to examine the local and
systemic change in self-reported clinical pain and fatigue during exercise and through
the three-day recovery period following intermittent, submaximal isometric and
concentric exercise in people with and without fibromyalgia.
Methods:
Forty-seven people with fibromyalgia (51.3 ± 12.3) and forty-seven control (52.5 ± 14.7)
participants performed submaximal bouts of isometric and concentric exercise for ten
minutes with the right elbow flexors in two randomized exercise sessions separated by
two weeks. Baseline clinical symptom severity, pain catastrophizing, and kinesiophobia
were assessed prior to exercise participation. The primary outcomes were changes in
perceived pain and fatigue in the exercising limb and whole-body immediately, one-day,
and three-days following each exercise bout. Secondary outcomes were perceived pain
and exertion during each exercise bout.
Results:
People with fibromyalgia report clinically relevant increases (p<0.02) in pain and fatigue
during, immediately after, one-day, and three-days following a single bout of exercise at
the exercising muscle but not systemically. Control participants reported less pain,
exertion, and fatigue compared to people with fibromyalgia (p<0.02). Concentric
contractions lead to greater perceived pain, exertion, and fatigue during and immediately
after exercise compared to isometric (p<0.02). Baseline symptom severity and cognitive-
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affective attributes did not correlate with changes in perceived pain and fatigue following
exercise.
Conclusion:
People with fibromyalgia report elevated pain and fatigue localized to the exercising limb
that lasts up to three-days following a bout of modified exercise (low intensity and short
duration). The increases in pain and fatigue were greater with concentric contractions
than isometric contractions during and immediately following exercise and occurred
regardless of symptom severity or cognitive-affective beliefs on pain and movement.
3.2 Introduction
Fibromyalgia effects ~2% of the US population and is characterized by
widespread body pain and fatigue (Clauw et al., 2011; Walitt et al., 2015; Wolfe et al.,
2013). Anecdotal reports from patients and clinicians describe pain and fatigue
exacerbation during and following exercise participation however, details of the symptom
response during exercise recovery has not been studied empirically. Prior research has
reported elevated levels of self-reported pain and fatigue/exertion during and
immediately following exercise compared to healthy cohorts (Kadetoff & Kosek, 2007;
Lannersten & Kosek, 2010; Srikuea et al., 2013; Staud et al., 2009). When performing
an isometric exercise task at similar absolute force with the quadriceps, people with
fibromyalgia reported greater increases in localized exercising limb pain and ratings of
perceived exertion up to 15 minutes following exercise despite performing the exercise
task for significantly less time compared to controls (Kadetoff & Kosek, 2007). In a
separate study, isometric contractions of the infraspinatus and quadriceps were
performed for 5-minutes at the same relative intensity and fibromyalgia participants
reported greater elevations in pain and perceived exertion in the contracting muscles
compared to controls up to five minutes following exercise (Lannersten & Kosek, 2010).
Similarly, localized exercising muscle pain was found to be elevated in a group of
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patients with fibromyalgia up to 24 hours after performance of sustained isometric and
intermittent dynamic resistive exercise (Mengshoel et al., 1995). Thus, there is limited
evidence that details the temporal change in pain and fatigue for people with
fibromyalgia during the multi-day recovery from exercise, especially beyond 24 hours.
Additionally, it is unknown whether exercise-induced symptoms in the exercising limb
influences systemic clinical symptoms during recovery from exercise. Further
investigation of the pain and fatigue response following a bout of exercise with matched
workload will allow for comparisons between people with fibromyalgia and controls.
Differentiating between local exercise-induced symptoms versus changes in
chronic widespread pain and fatigue is vital when initiating exercise for people with
fibromyalgia. Local pain and fatigue is expected in healthy adults who participate in
novel exercise especially those that are inexperienced to exercise (Cheung et al., 2003;
Hotfiel et al., 2018), which may be parallel to the characteristics of people with
fibromyalgia. In addition, the acute management of pain and fatigue and progression of
exercise intensity may differ when considering symptoms associated with local pain and
fatigue in an exercising muscle versus systemic changes in chronic pain and fatigue.
Prior research suggests local exercise-induced pain symptoms may influence
widespread body pain in fibromyalgia due to heightened pain facilitation by the central
nervous system (Sluka & Clauw, 2016; Staud, 2010; Staud et al., 2009; Staud et al.,
2010; Vierck et al., 2001a). Understanding the temporal characteristics of pain and
fatigue during exercise recovery following varying contraction types will provide clinicians
a foundation for exercise prescription that balances progression of exercise intensity and
symptom management.
Despite the lack of evidence to guide exercise initiation in people with
fibromyalgia, previous research demonstrates routine exercise training promotes
beneficial effects of improved fitness, reduced pain, and enhanced function (Andrade et
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al., 2018; Bidonde et al., 2019; Busch et al., 2013b; Geneen et al., 2017; Macfarlane et
al., 2017). The clinical benefits of exercise training are well established and guidelines
recommend exercise intervention as a first-line treatment to reduce symptoms in people
with chronic pain (Dowell et al., 2016a), yet people with fibromyalgia and clinicians
approach exercise with caution in fears of exacerbating clinical symptoms. Cooccurring
fear avoidance behavior (kinesiophobia) and pain catastrophizing commonly reported in
fibromyalgia (de Bruijn et al., 2011; Edwards et al., 2011; Galvez-Sanchez et al., 2020;
Larsson et al., 2017; Vaegter et al., 2018) may influence outcomes to exercise
intervention that induce pain. Whether these cognitive attributes correlate to acute
changes in self-reported pain and fatigue following a bout of exercise is not known. To
reduce symptom exacerbation some recommend grading exercise prescription by
initiating with preferred or light intensity exercise and progressing with slow increases of
intensity and duration for people with fibromyalgia and other chronic pain disorders
(Bidonde et al., 2017; da Cunha Ribeiro et al., 2018; Dobkin et al., 2005; Newcomb et
al., 2011). The American College of Sports Medicine (ACSM) Guidelines for Exercise
Testing and Prescription recommend prescribing exercise to people with fibromyalgia
according to the interaction of frequency, intensity, time, and type (i.e., FITT principle).
Additional recommendations include decreasing exercise volume if symptoms increase
during or following exercise (American College of Sports Medicine Guidelines for
Exercise Testing and Prescription, 2017); although modifying exercise prescription
according to symptom response may impede achieving intensities necessary to gain
beneficial exercise effects (American College of Sports Medicine, 2009; Garber et al.,
2011). Despite these recommendations, the ACSM acknowledges the recommendations
are based on limited evidence and no evidence-based statement is available to direct
exercise prescription in fibromyalgia. Exercise guidelines have predominately focused on
adjusting the volume of exercise despite prior research showing concentric contractions
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require greater metabolic demand and amass larger concentrations of metabolic byproducts compared to isometric contractions (Feher, 2017; Radák, 2018). The greater
local accumulation of metabolic by-products following concentric exercise may lead to
greater pain amplification by the central nervous system resulting in greater pain locally
in the exercising limb and systemically (Staud, 2010; Staud et al., 2010). It is unknown
whether the type of muscle contraction (isometric vs concentric) influences the
magnitude of perceived pain and fatigue during exercise and through recovery in people
with fibromyalgia.
To our knowledge, no study to date has investigated the temporal change in pain
and fatigue during a multi-day recovery following a single bout of exercise. This limited
understanding leads to inadequate management of the pain and fatigue response during
recovery from exercise in people with fibromyalgia. The primary aim of this study was to
examine the local and systemic change in self-reported clinical pain and fatigue during
exercise and through the three-day recovery period following intermittent, submaximal
isometric and concentric exercise in people with and without fibromyalgia. We
hypothesize that people with fibromyalgia will 1) report greater pain, exertion, and fatigue
compared to healthy controls during exercise and recovery, and 2) experience greater
pain and fatigue during and immediately following concentric exercise compared to
isometric.
Additionally, we sought to examine correlations between baseline strength, pain
catastrophizing, kinesiophobia, and perceived pain and exertion during exercise with the
symptom response during the three-day recovery period. Lastly, we examined the
change in sensory and affective pain descriptors during recovery from both exercise
types with the Short-Form McGill Pain Questionnaire. Understanding the influence of
contraction type, baseline fitness, and sensory/perceptive descriptions during exercise
recovery could aid in modifying the type of exercise to achieve an effective dose of
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exercise that promotes health and wellness benefits while reducing symptom
exacerbation in people with fibromyalgia.
3.3 Methods
Participants
Forty-seven participants with a physician diagnosis of fibromyalgia (44 female,
mean ± SD: 51.3 ± 12.3y; range: 24-75y; BMI: 30.2 ± 6.9) and 47 control participants (44
female, mean ± SD: 52.5 ± 14.7y; range: 20-74y; BMI: 27.7 ± 5.6) completed the
familiarization and two exercise (isometric and concentric) sessions. Forty-one control
and 37 fibromyalgia participants completed pain and fatigue assessments during
recovery (days one and three following exercise). Exclusion criteria included known
orthopedic, cardiopulmonary, neurological, or unstable medical conditions that would
preclude performance of fatiguing exercise or experimental techniques. All participants
were screened with the Physical Activity Readiness Questionnaire (ACSM, 2018) prior to
engaging in physical activity. Informed consent was acquired prior to study inclusion and
the protocol was approved by the Marquette University Institutional Review Board.
Experimental Protocol
This research was part of a larger study investigating the acute change in
experimental pain and performance fatigability following isometric and concentric bouts
of exercise. This study focus is on the three-day recovery response of self-reported pain
and fatigue following bouts of isometric and concentric exercise. All study participants
completed three sessions separated by approximately one week. Session one (Figure
3.1a) familiarized participants to performance of right elbow flexor maximal voluntary
isometric contractions (MVIC) and performance of isometric and concentric exercise with
the right elbow flexors. Additional measures included the modified 2010 American
College of Rheumatology Diagnostic Criteria for Fibromyalgia (Wolfe et al., 2011b; Wolfe
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et al., 2010b), Pain Catastrophizing Scale (PCS) (Sullivan et al., 1995), and Tampa
Scale for Kinesiophobia – 11 (TSK-11) (Woby et al., 2005).
Sessions two and three (Figure 3.1b) included evaluation of pain quality with the
Short-Form McGill Pain Questionnaire (SF-MPQ) (Melzack, 1987), health status with the
Revised Fibromyalgia Impact Questionnaire (FIQR) (Burckhardt et al., 1991), and
perceived fatigue with the PROMIS Short Form v1.0 – Fatigue 7a (Ameringer et al.,
2016; Lai et al., 2011). Session two incorporated assessment of self-reported moderateto-vigorous physical activity performed during a seven day period with the Physical
Activity Assessment Tool (Meriwether et al., 2006). Both sessions included performance
of two MVICs of the right elbow flexors, evaluation of left handgrip MVIC, a 20-mintue
quiet rest, and one bout of submaximal intermittent isometric or concentric contractions
performed by the right elbow flexors in randomized order. Exercise bouts were matched
for intensity (20% of MVIC), duration (10-minutes), and duty-cycle (2s contraction: 1s
relaxation). Self-reported arm pain and rating of perceived exertion (RPE) were
measured every minute throughout performance of isometric and concentric
contractions. Assessment of self-reported pain and fatigue localized to the exercising
arm and throughout the whole-body was performed prior to and immediately following
exercise bouts. Follow-up assessments (Figure 3.1c) of self-reported arm and wholebody pain and fatigue and SF-MPQ were completed one- and three-days following both
bouts of exercise.
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Figure 3.1. Experimental session design, a) familiarization session (session 1), b)
experimental session (session 2 & 3), c) day 1 and 3 recovery assessments.

= arm

& whole-body pain and fatigue (VAS), = arm pain (NRS) & RPE. ACR = American
College of Rheumatology Modified Diagnostic Criteria for Fibromyalgia, PCS = Pain
Catastrophizing Scale, TSK-11 = Tampa Scale of Kinesiophobia, MVIC = maximal
voluntary isometric contraction, SF-MPQ = McGill Pain Questionnaire – Short Form,
FIQ-R = Fibromyalgia Impact Questionnaire – Revised, PROMIS – Fatigue = PROMIS
Short Form v1.0 – Fatigue 7a, PAAT = Physical Activity Assessment Tool.
a) Session One: Familiarization

b) Sessions 2 and 3: Exercise Sessions (Isometric or Concentric)

c) Recovery Days 1 and 3

Self-Reported Exercising Arm and Whole-Body Pain and Fatigue Intensity Before
& After Exercise
Self-reported arm and whole-body pain and fatigue intensity were rated before
and after each 10-minute exercise bout with a 0-10 cm visual analogue scale (VAS) with
anchors of no pain to worst possible pain, and no weakness/fatigue to worst possible
weakness/fatigue respectively. Participants were instructed to rate arm and whole-body
pain and fatigue while seated at rest and while mimicking gross limb and whole-body
movement to evaluate intensity with functional movement versus at rest.

70
Self-Reported Pain and Exertion During Exercise
During both exercise tasks, participants were asked to rate exercising arm pain
focused on the biceps upon initiation, during, and at completion of the 10-minute
exercise task with a 0 to 10 numerical pain rating scale (NPRS) with anchors of 0 = no
pain; 5 = moderate pain; and 10 = worst pain (Farrar et al., 2001; Turk et al., 1993).
Participants were asked to rate their perceived exertion upon initiation, during, and at
completion of each 10-minute exercise bout with the modified Borg Rating of Perceived
Exertion (RPE) scale with anchors 0 = “nothing at all” and 10 = “very very hard/maximal
exertion” (Borg, 1998).
Right Elbow Flexor Maximal Voluntary Isometric Contractions
Maximal voluntary isometric contractions (MVIC) were performed with the right
elbow flexors while seated in a Biodex System 3 PRO (Biodex Medical Systems, Inc.,
Shirley, New York) with the forearm placed in a modified forearm orthosis attached to
the dynamometer. Participants were seated with their hips and knees flexed to 90°
flexion, right shoulder in 40° flexion, right elbow in 90° flexion, and a neutral forearm
position. Maximal voluntary isometric testing position was maintained across sessions.
Participants were verbally encouraged to contract as strong as they could and build as
much force for 3-5 seconds with visual feedback of torque production on a computer
monitor placed 1m from the subject. Torque recordings from the dynamometer were
recorded online and digitized using a Power 1401 analog-to-digital converter and Spike
2 software [Cambridge Electronics Design (CED), Cambridge, UK] at 500 samples per
second. Participants were familiarized to MVICs during the familiarization session and
two MVICs were performed prior to isometric and concentric exercise bouts to calculate
the load equivalent of 20% of MVIC.
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Left Handgrip Maximal Voluntary Isometric Contractions
Left handgrip MVIC was assessed before isometric and concentric muscle
contractions with a handgrip dynamometer (JAMAR Hydraulic Hand Dynamometer,
Sammons Preston, Bolingbrook, IL). Participants were positioned with their left shoulder
in neutral, elbow flexed to 90°, forearm and wrist in neutral. Verbal encouragement to
squeeze as strong as possible for 3-5 seconds was provided. Maximal contractions were
performed prior to each exercise task.
Submaximal Intermittent Isometric & Concentric Muscle Contractions
Submaximal intermittent isometric and concentric muscle contractions were
performed for 10-minutes on the Biodex System 3 PRO with a duty-cycle of 2-second
contraction to 1-second relaxation. Subjects matched a target force line indicating 20%
of MVIC on a computer monitor placed 1m from the subject for each contraction. Verbal
encouragement was provided throughout both exercise tasks.
Day One and Day Three Recovery Assessments
All participants were provided a printed SF-MPQ and VAS to rate arm and wholebody pain and fatigue on recovery days one and three following both exercise sessions.
They were instructed to complete the questionnaires at roughly the same time of day in
which they completed each session. Questionnaires completed following session two
were returned on session three. Participants were provided an envelope and postage to
return questionnaires following session three via standard mail.
3.4 Statistical Analysis
All data were analyzed using IBM SPSS (Version 26, IBM, Armonk, NY, USA)
and significance level was set at p = 0.02. Normality and linearity were evaluated with
the Shapiro-Wilk test and visual inspection via Q-Q plots. Data are reported as mean ±
SD in text and tables and displayed as mean ± SEM in figures. Differences between
means were tested with paired-samples and independent samples t-test. Self-reported

72
pain and exertion reported during exercise were analyzed with a repeated measures
ANOVA with within subject factor of Contraction (isometric v concentric) and between
subject factor of Group (control v fibromyalgia). Self-reported pain and fatigue and the
SFMPQ PRI from before exercise and through recovery were analyzed with a repeated
measures ANOVA with within subject factors of Contraction (isometric v concentric) and
Time (Pre, Post, D1, D3) and between subject factor of Group (control v fibromyalgia).
The Greenhouse-Geisser adjustment was used when sphericity was not met. Post-hoc
analyses were performed with appropriate t-test. Pearson product moment correlations
were calculated to determine associations between variables.
3.5 Results
Participant Descriptors / Characteristics
Control and fibromyalgia participants were of similar age, sex, body mass index,
baseline elbow flexor force, left handgrip force, and moderate-to-vigorous physical
activity performed per week (Table 3.1 & 3.2a & b). The fibromyalgia participants had an
ACR severity scale of 16.6 ± 5.8 at time of enrollment and similar fibromyalgia impact
across sessions as measured by the FIQR (Table 3.1). Participants with fibromyalgia
reported greater perceived fatigue on the PROMIS Short Form v1.0 – Fatigue 7a (p <
0.001), pain catastrophizing (p < 0.001), and kinesiophobia (p < 0.001) compared to
healthy controls (Table 3.1). The fibromyalgia group reported greater baseline pain and
fatigue in the arm and whole-body at rest and with movement compared to controls (p ≤
0.02) (Table 3.2a & b). There were not differences in baseline pain and fatigue
measured via VAS across sessions for either group.

73
Table 3.1. Participant Characteristics. Data are reported as mean ± SD, ACR =
American College of Rheumatology, *** = p < 0.001.
Controls

Fibromyalgia

47

47

Age

52.5 ± 14.7

51.3 ± 12.3

Sex

44 F, 3 M

44 F, 3 M

Body Mass Index

27.7 ± 5.6

30.2 ± 6.9

---

16.6 ± 5.8

Isometric Session

---

43.4 ± 22.0

Concentric Session

---

41.9 ± 22.1

PROMIS Short Form Fatigue 7a

13.4 ± 5.1

22.1 ± 5.6***

Pain Catastrophizing Scale

8.9 ± 8.6

23.8 ±13.6***

Tampa Scale of Kinesiophobia -11

17.0 ± 4.0

24.5 ± 7.2***

PAAT Mod-Vig Activity (min/week)

420.2 ± 424.0

413.9 ± 591.2

Number of Participants

ACR Diagnostic Criteria for Fibromyalgia
Severity Scale
Revised Fibromyalgia Impact Questionnaire
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Table 3.2. Arm and Whole-Body Pain and Fatigue, RPE, MVIC, and SF-MPQ for a)
isometric and b) concentric exercise. Data are reported as mean ± SD, β = group
difference, Δ = significant from pre-exercise, RPE = rating of perceived exertion, MVIC =
maximal voluntary isometric contraction, mvm = movement, SF-MPQ = McGill Pain
Questionnaire – Short Form, CON = control, FM = fibromyalgia.
a)

Isometric

Mean Arm Pain
During Exercise
Mean RPE During
Exercise

CON
FM
CON
FM

Elbow Flexor MVIC
(Nm)

CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM

Handgrip MVIC (kg)
Arm Pain – mvm
Arm Pain – rest
Arm Fatigue – mvm
Arm Fatigue – rest
Whole-Body Pain –
mvm
Whole-Body Pain –
rest
Whole-Body
Fatigue – mvm
Whole-Body
Fatigue – Rest
SF-MPQ Total
SF-MPQ Sensory
SF-MPQ AffectiveEvaluative

Pre
40.0 ± 12.2
38.0 ± 13.0
29.2 ± 8.4
27.6 ± 8.8
0.0 ± 0.0
1.1 ± 2.2β
0.0 ± 0.0
0.7 ± 1.6β
0.0 ± 0.0
1.3 ± 2.3β
0.0 ± 0.0
0.8 ± 1.6β
0.0 ± 0.1
4.2 ± 2.5β
0.1 ± 0.2
3.3 ± 2.2β
0.0 ± 0.2
4.4 ± 2.8β
0.0 ± 0.2
3.5 ± 2.5β
0.2 ± 0.7
10.3 ± 7.6β
0.2 ± 0.6
7.7 ± 5.2β
0.1 ± 0.2
2.6 ± 3.0β

1.0 ± 1.7
4.1 ± 2.6β
4.0 ± 2.3
5.2 ± 2.4β

Post
38.0 ± 12.2Δ
33.7 ± 13.5Δ
27.7 ± 7.9Δ
25.3 ± 9.9Δ
0.5 ± 1.3Δ
3.3 ± 3.1Δ
0.7 ± 1.5Δ
3.1 ± 2.8Δ
0.8 ± 1.6Δ
4.1 ± 2.9Δ
1.0 ± 1.5Δ
4.1 ± 2.7Δ
0.2 ± 0.6Δ
4.3 ± 2.9Δ
0.2 ± 0.8
3.8 ± 2.7Δ
0.3 ± 0.8Δ
4.8 ± 2.8Δ
0.4 ± 1.0Δ
4.1 ± 2.7Δ
-------------------

Day 1
------------0.0 ± 0.1
2.8 ± 2.9Δ
0.0 ± 0.2
2.1 ± 2.7Δ
0.1 ± 0.2
2.8 ± 2.9Δ
0.1 ± 0.2
2.3 ± 2.8Δ
0.2 ± 0.4Δ
4.8 ± 2.6Δ
0.1 ± 0.2
3.8 ± 2.7Δ
0.1 ± 0.4
4.8 ± 2.5
0.1 ± 0.3
4.0 ± 2.6Δ
0.4 ± 0.7
13.2 ± 9.5
0.3 ± 0.6
10.4 ± 7.1
0.0 ± 0.2
2.8 ± 2.9

Day 3
------------0.0 ± 0.0
2.8 ± 3.0Δ
0.0 ± 0.0
2.2 ± 2.8Δ
0.0 ± 0.1
2.9 ± 3.1Δ
0.0 ± 0.1
2.5 ± 2.9Δ
0.1 ± 0.3
5.1 ± 2.6Δ
0.1 ± 0.2
4.2 ± 2.3Δ
0.2 ± 0.8Δ
5.3 ± 2.7Δ
0.1 ± 0.2
4.3 ± 2.6Δ
0.3 ± 0.7
14.1 ± 8.9
0.3 ± 0.6
10.8 ± 6.3
0.0 ± 0.2
3.2 ± 3.0
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b)

Concentric

Mean Arm Pain
During Exercise
Mean RPE During
Exercise

CON
FM
CON
FM

Elbow Flexor MVIC
(Nm)

CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM

Handgrip MVIC (kg)
Arm Pain – mvm
Arm Pain – rest
Arm Fatigue – mvm
Arm Fatigue – rest
Whole-Body Pain –
mvm
Whole-Body Pain –
rest
Whole-Body
Fatigue – mvm
Whole-Body
Fatigue – Rest
SF-MPQ Total
SF-MPQ Sensory
SF-MPQ AffectiveEvaluative

Pre
40.6 ± 13.0
37.3 ± 13.8
28.5 ± 8.1
27.1 ± 9.2
0.0 ± 0.0
0.8 ± 1.9β
0.0 ± 0.0
0.6 ± 1.7β
0.0 ± 0.1
1.1 ± 2.1β
0.0 ± 0.0
1.0 ± 1.9β
0.0 ± 0.2
3.8 ± 2.9β
0.0 ± 0.2
3.1 ± 2.3β
0.0 ± 0.1
4.3 ± 2.9β
0.0 ± 0.2
3.4 ± 2.7β
0.2 ± 0.5
9.4 ± 8.2β
0.2 ± 0.4
7.0 ± 6.0β
0.0 ± 0.2
2.5 ± 3.6β

2.6 ± 2.5
5.4 ± 2.9β
4.8 ± 2.0
6.0 ± 2.6β

Post
39.2 ± 11.2Δ
34.0 ± 12.0Δ
27.4 ± 8.0Δ
25.6 ± 10.0Δ
0.7 ± 1.3Δ
4.2 ± 3.3Δ
1.2 ± 2.0Δ
4.2 ± 3.1Δ
1.0 ± 1.8Δ
5.2 ± 3.3Δ
1.6 ± 2.0Δ
5.1 ± 3.0Δ
0.2 ± 0.5Δ
4.6 ± 3.2Δ
0.2 ± 0.6
4.1 ± 2.9Δ
0.5 ± 1.5Δ
5.0 ± 3.2Δ
0.3 ± 1.4Δ
4.6 ± 3.1Δ
-------------------

Day 1
------------0.0 ± 0.1
2.9 ± 2.9Δ
0.0 ± 0.0
1.9 ± 2.4Δ
0.1 ± 0.4
3.2 ± 3.2Δ
0.1 ± 0.4
2.2 ± 2.7Δ
0.2 ± 0.5Δ
4.9 ± 2.8Δ
0.2 ± 0.5
4.1 ± 2.5Δ
0.1 ± 0.4
4.9 ± 2.9
0.1 ± 0.3
4.1 ± 2.7Δ
0.5 ± 1.0
11.3 ± 8.8
0.5 ± 0.8
8.9 ± 6.3
0.1 ± 0.3
2.4 ± 3.1

Day 3
------------0.0 ± 0.1
2.8 ± 3.0Δ
0.0 ± 0.0
1.9 ± 2.5Δ
0.0 ± 0.3
2.9 ± 3.1Δ
0.0 ± 0.3
2.2 ± 2.7Δ
0.2 ± 0.6
5.0 ± 2.8Δ
0.1 ± 0.2
4.1 ± 2.5Δ
0.2 ± 0.6Δ
5.0 ± 2.8Δ
0.1 ± 0.2
4.4 ± 2.7Δ
0.5 ± 1.3
12.0 ± 8.7
0.4 ± 0.9
9.1 ± 5.9
0.1 ± 0.5
2.9 ± 3.2

Perceived Arm Pain and Exertion During Exercise
During performance of isometric and concentric contractions subjects with and
without fibromyalgia reported pain intensity in the exercising arm ranging from no pain to
severe pain (control: isometric = 0 – 8.0, concentric = 0 – 7.7; fibromyalgia: isometric = 0
– 9.7, concentric = 0 – 10.0). Participants with fibromyalgia reported a greater mean pain
intensity (4.8 ± 2.6) during exercise compared to control (1.8 ± 1.9) (Group: t(84.47) = 6.24, p < 0.001) (Table 3.2a & b). The pain reported during concentric contractions was
greater than isometric (4.0 ± 3.0 vs 2.6 ± 2.7, respectively) (Contraction: F(1,
92) = 64.02, p < 0.001, ηp2 = 0.410) while the change in pain reported between exercise
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types was not different between groups (Contraction x Group: F(1, 92) = 0.91, p =
0.344).
During performance of isometric and concentric contractions the control group
reported extremely weak to extremely hard exertion (control: isometric = 0.3 – 9.1,
concentric = 1.9 – 9.4) while the fibromyalgia participants reported extremely weak to
maximal exertion (fibromyalgia: isometric = 0.2 – 10.0, concentric = 1.1 – 10.0).
Participants with fibromyalgia reported greater mean RPE (5.6 ± 2.3) during exercise
compared to control (4.4 ± 1.8) (Group: t(92) = 2.80, p = 0.006) (Table 3.2a & b). The
RPE during concentric contractions was greater than isometric (5.4 ± 2.3, 4.6 ± 2.4,
respectively) (Contraction: F(1,92) = 13.43, p < 0.001, ηp2 = 0.127) while the change in
RPE reported between exercise types was not different between groups (Contraction x
Group: F(1, 92) = 0.0, p = 0.988).
Self-Reported Arm & Whole-Body Pain During Recovery
Arm pain during movement was elevated following exercise (Time: F(2.15,
165.34) = 35.40, p < 0.001, ηp2 = 0.315) and the increase in pain with movement
following exercise was different between groups (Time x Group: F(2.15, 165.34) = 19.02,
p < 0.001, ηp2 = 0.198) (Figure 3.2a, Table 3.2a & b). Post hoc analysis revealed the
increase in arm pain was greater in fibromyalgia immediately after (control = +0.7 ± 1.3,
fibromyalgia = +2.9 ± 2.3, t(71.7) = -5.78, p <0.001), one day (control = +0.02 ± 0.1,
fibromyalgia = +1.9 ± 1.8, t(38.12) = -6.44, p <0.001), and three days (control = +0.02 ±
0.1, fibromyalgia = +1.9 ± 2.0, t(37.06) = -5.80, p <0.001) following exercise. The
increase in arm pain with movement was increased from the pre-exercise assessment
for both groups immediately following exercise (control: t(46) = -3.75, p < 0.001,
fibromyalgia: t(46) = -8.68, p < 0.001) and remained elevated for the fibromyalgia group

77
on day one (t(38) = -6.52, p < 0.001) and three (t(46) = -5.86, p < 0.001). There was not
an influence of contraction type for arm pain with movement during recovery.
Arm pain at rest was elevated following exercise (Time: F(1.83, 140.96) = 55.94,
p < 0.001, ηp2 = 0.421) and the change in pain was different between groups (Time x
Group: F(1.83, 140.96) = 15.07, p < 0.001, ηp2 = 0.164) (Figure 3.2b, Table 3.2a & b).
Post hoc analysis revealed the increase in arm pain was greater for fibromyalgia
immediately after (control = +1.0 ± 1.6, fibromyalgia = +3.1 ± 2.3, t(81.49) = -5.22, p
<0.001), one day (control = +0.03 ± 0.1, fibromyalgia = +1.3 ± 1.5, t(38.51) = -5.34, p
<0.001), and three days (control = +0.002 ± 0.05, fibromyalgia = +1.4 ± 1.7, t(37.05) = 5.22, p <0.001) following exercise. The increase in arm pain at rest was increased from
the pre-exercise assessment for both groups immediately following exercise (control:
t(46) = -4.58, p < 0.001, fibromyalgia: t(46) = -9.48, p < 0.001) and remained elevated for
the fibromyalgia group on day one (t(38) = -5.48, p < 0.001) and three (t(37) = -5.23, p <
0.001). Unlike arm pain with movement, the change in arm pain at rest was different by
exercise type (Contraction x Time: F(1.63, 125.83) = 10.81, p < 0.001, ηp2 = 0.123) for
both groups. Post hoc analysis revealed the change in concentric arm pain at rest was
greater immediately following exercise (isometric = +1.6 ± 2.2, concentric = +2.6 ± 2.9,
t(93) = -3.91, p <0.001), while no difference occurred at day one and three.
Whole-body pain with movement increased following exercise (Time: F(2.31,
175.27) = 8.19, p < 0.001, ηp2 = 0.097) and the change in whole-body pain with
movement was different between groups (Time x Group: F(2.31, 175.27) = 5.30, p =
0.004, ηp2 = 0.065) (Figure 3.2c, Table 3.2a & b). Post hoc analysis revealed the
increase in whole-body pain with movement was not different between groups
immediately following exercise (control = +0.1 ± 0.4, fibromyalgia = +0.7 ± 1.8, t(49.85) =
-2.24, p = 0.03) however, those with fibromyalgia experienced greater change in wholebody pain on day 1 (control = +0.1 ± 0.3, fibromyalgia = +0.8 ± 1.4, t(42.10) = -3.04, p =
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0.004) and day 3 (control = +0.1 ± 0.5, fibromyalgia = +1.0 ± 1.5, t(42.50) = -3.66, p =
0.001) following exercise. Whole-body pain with movement was increased from the preexercise assessment for both groups immediately following exercise (control: t(46) = 2.50, p = 0.02, fibromyalgia: t(46) = -2.80, p = 0.007) and at day one (control: t(41) = 2.54, p = 0.02, fibromyalgia: t(38) = -3.71, p = 0.001) while remained elevated for
fibromyalgia only on day three (t(36) = -4.30, p < 0.001). There was not an influence of
contraction type on whole-body pain with movement during recovery (no main effect or
interaction with session).
Whole-body pain while at rest increased following exercise (Time: (F(2.70,
204.86) = 6.52, p = 0.001, ηp2 = 0.079) and the change in whole-body pain at rest was
different between groups (Time x Group: F(2.70, 204.86) = 4.65, p = 0.005, ηp2 = 0.058)
(Figure 3.2d, Table 3.2a & b). Post hoc analysis revealed the increase in whole-body
pain at rest was greater in fibromyalgia immediately (control = +0.1 ± 0.5, fibromyalgia =
+0.9 ± 1.5, t(55.35) = -3.24, p = 0.002), on day one (control = +0.1 ± 0.3, fibromyalgia =
+0.8 ± 1.8, t(40.34) = -2.55, p = 0.014), and day three (control = +0.02 ± 0.2,
fibromyalgia = +0.9 ± 1.3, t(37.86) = -4.32, p < 0.001) following exercise. The increase in
whole-body pain at rest was increased from the pre-exercise assessment for the
fibromyalgia group immediately following (t(46) = -4.06, p < 0.001), on day one (t(38) = 2.85, p = 0.007) and day three (t(36) = -4.47, p < 0.001) while not increased at any time
during recovery for the healthy controls. There was not an influence of contraction type
on whole-body pain at rest during recovery (no main effect or interaction with session).
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Figure 3.2. Self-reported arm pain (0-10 VAS) with a) movement and b) rest, and wholebody pain with c) movement and d) rest at pre-exercise, immediately post-exercise, day
1 and day 3 following exercise. β = group difference at baseline, * = time, # = time x
group, ǂ = contraction x time, Δ = significant from pre-exercise, FM = fibromyalgia, CON
= control.
a)

b)
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c)

d)

Self-Reported Arm & Whole-Body Fatigue During Recovery
Self-reported arm fatigue with movement increased following exercise (Time:
F(2.16, 164.39) = 56.49, p < 0.001, ηp2 = 0.426) and the change in arm fatigue with
movement was different between groups (Time x Group: F(2.16, 164.39) = 20.36, p <
0.001, ηp2 = 0.211) (Figure 3.3a, Table 3.2a & b). Post hoc analysis revealed the
increase in arm fatigue with movement was greater in fibromyalgia immediately (control
= +1.0 ± 1.4, fibromyalgia = +3.5 ± 2.2, t(79.29) = -6.57, p < 0.001), one day (control =
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+0.1 ± 0.2, fibromyalgia = +1.7 ± 2.1, t(37.82) = -5.03, p < 0.001), and three days
(control = +0.04 ± 0.2, fibromyalgia = +1.8 ± 2.1, t(38.63) = -5.06, p < 0.001) following
exercise. The increase in arm fatigue with movement was increased from the preexercise assessment for both groups immediately following exercise (control: t(46) = 4.73, p < 0.001, fibromyalgia: t(46) = -10.95, p < 0.001) and remained elevated in
fibromyalgia on day one (t(37) = -5.23, p < 0.001) and day three (t(37) = -5.29, p <
0.001). Contraction type did not influence the change in arm fatigue with movement.
Arm fatigue at rest increased following exercise (Time: F(2.02, 155.54) = 93.81, p
< 0.001, ηp2 = 0.549) and the change following exercise was different between groups
(Time x Group: F(2.02, 155.54) = 20.01, p < 0.001, ηp2 = 0.206) (Figure 3.3b, Table
3.2a & b). Post hoc analysis revealed the fibromyalgia group reported greater increases
immediately (control = +1.4 ± 1.5, fibromyalgia = +3.7 ± 2.0, t(92) = -6.18, p < 0.001),
one day (control = +0.1 ± 0.2, fibromyalgia = +1.3 ± 1.7, t(39.48) = -4.29, p < 0.001), and
three days (control = +0.03 ± 0.1, fibromyalgia = +1.4 ± 1.7, t(37.40) = -4.95, p < 0.001)
following exercise. The increase in arm fatigue at rest was increased from the preexercise assessment for both groups immediately following exercise (control: t(46) = 6.16, p < 0.001, fibromyalgia: t(46) = -12.49, p < 0.001) and remained elevated in
fibromyalgia on day one (t(38) = -4.61, p < 0.001) and day three (t(37) = -5.07, p <
0.001). The change in arm fatigue at rest was influenced by exercise type (Contraction x
Time: F(1.64, 126.30) = 6.89, p = 0.003, ηp2 = 0.082). Post hoc analysis revealed the
change in arm fatigue at rest was greater immediately following concentric exercise
(isometric = +2.1 ± 2.3, concentric = +2.9 ± 2.8, t(93) = -2.80, p = 0.006), while no
difference occurred at days one and three following exercise.
Whole-body fatigue with movement increased following exercise (Time: F(2.55,
190.90) = 4.76, p = 0.005, ηp2 = 0.060) (Figure 3.3c, Table 3.2a & b). Post hoc analysis
revealed whole-body fatigue assessed with movement was increased immediately
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following exercise (+0.5, p = 0.003) and on day three (+0.5, p = 0.002). The change in
whole-body fatigue assessed with movement was not different between groups or
exercise type.
Whole-body fatigue at rest increased following exercise (Time: F(2.68,
203.94) = 8.76, p < 0.001, ηp2 = 0.103) and the change was different among groups
(Time x Group: F(2.68, 203.94) = 4.38, p = 0.007, ηp2 = 0.055) (Figure 3.3d, Table 3.2a
& b). The fibromyalgia group reported a greater increase in whole-body fatigue at rest
immediately (control = +0.3 ± 0.8, fibromyalgia = +1.3 ± 1.9, t(62.16) = -2.20, p = 0.002),
one day (control = +0.05 ± 0.2, fibromyalgia = +0.6 ± 1.6, t(39.58) = -2.36, p = 0.02), and
three days (control = +0.02 ± 0.2, fibromyalgia = +0.9 ± 1.6, t(37.62) = -3.44, p = 0.001)
following exercise. Whole-body fatigue at rest was increased from the pre-exercise
assessment for both groups immediately following exercise (control: t(46) = -2.67, p =
0.011, fibromyalgia: t(46) = -4.61, p < 0.001) and remained elevated for fibromyalgia on
day one (t(38) = -2.57, p = 0.014) and day three (t(36) = -3.56, p = 0.001).
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Figure 3.3. Self-reported arm fatigue (0-10 VAS) with a) movement and b) rest, and
whole-body fatigue with c) movement and d) rest at pre-exercise, immediately postexercise, day 1 and day 3 following exercise. β = group difference at baseline, * = time, #
= time x group, ǂ = contraction x time, Δ = significant from pre-exercise, FM =
fibromyalgia, CON = control.
a)

b)

84

c)

d)

SFMPQ Data
The SFMPQ PRI total score increased following exercise bouts (Time: F(1.83,
140.58) = 12.34, p < 0.001, ηp2 = 0.138) with the increase differing by group (Group x
Time: F(1.83, 140.58) = 9.33, p < 0.001, ηp2 = 0.108) (Table 3.2a & b). Post hoc
analysis reveals the participants with fibromyalgia reported greater changes in the
SFMPQ PRI total score on day one (t(39.81) = -2.77, p = 0.008) and day three (t(39.44)
= -3.86, p < 0.001) following exercise. The reported SFMPQ PRI total score across
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exercise types differed by group (Contraction x Group (F(1, 77) = 6.59, p < 0.012,
ηp2 = 0.079) with post hoc analysis showing greater increases in PRI total scores during
concentric assessments for fibromyalgia (t(37) = 2.34, p = 0.02) however, no difference
between exercise types in control (t(40) = -1.27, p = 0.213).
Further analysis of the SFMPQ sensory domain reveals the sensory domain
increased following exercise (Time: F(1.79, 137.82) = 13.55, p < 0.001, ηp2 = 0.150) with
the change differing by groups (Time x Group: F(1.79, 137.82) = 10.42, p < 0.001,
ηp2 = 0.119) (Table 3.2a & b). Post hoc revealed the change was greater in the
fibromyalgia group on day one (t(39.47) = -3.10, p = 0.004) following exercise however,
similar at day three (t(40.20) = -2.15, p = 0.04). The reported SFMPQ sensory score
across exercise types differed by group (Contraction x Group (F(1, 77) = 9.21, p = 0.003,
ηp2 = 0.107) with post hoc analysis showing greater PRI sensory scores during
concentric assessments for fibromyalgia (t(37) = 2.80, p = 0.008) however, no difference
between exercise types in control (t(40) = -1.14, p = 0.262). The SF-MPQ affectiveevaluative domain did not change following exercise with no differences between
exercise type or groups.
Correlations to Self-Reported Pain and Fatigue During Recovery
Due to similar findings in the pattern of response of pain and fatigue with
movement and rest, correlations to self-reported pain and fatigue with movement during
recovery are reported due to relevance to function and physical activity. Baseline elbow
flexor and handgrip MVIC did not correlate with the change in self-reported arm or
whole-body pain and fatigue immediately after, one day, or three days following
isometric and concentric contractions in both groups (Table 3.3a & b). Moderate
correlations were identified for mean pain rating and RPE during concentric with the
immediate change in arm pain and fatigue in control and fibromyalgia, and moderate
correlations remained at day one for the fibromyalgia group (Table 3.3a & b). A weak
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correlation existed between mean arm pain during isometric exercise and the immediate
change in arm pain following in fibromyalgia only. Mean RPE during isometric correlated
with the immediate change in whole-body fatigue only in fibromyalgia. Baseline ACR,
FIQR, PROMIS – Fatigue, TSK, and PCS correlated with pain and fatigue throughout
recovery assessments following isometric and concentric however, not consistently with
the change in pain and fatigue from baseline following isometric and concentric
contractions (Table 3.4a & b).
Table 3.3. Correlations to Change in Reported Arm and Whole-Body Pain and Fatigue
During Recovery for a) isometric and b) concentric exercise. MVIC = maximal voluntary
isometric contraction, NPR = numerical pain rating, RPE = rating of perceived exertion,
CON = control, FM = fibromyalgia, *p<0.02, **p<0.01, ***p<0.001.
a)

Δ Arm Pain

Isometric

Post
Day 1
Day 3

Δ Arm
Fatigue

Post
Day 1

Δ Whole-Body
Fatigue

Δ WholeBody Pain

Day 3
Post
Day 1
Day 3
Post
Day 1
Day 3

CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM

Elbow
Flexor
MVIC

Handgrip
MVIC

Mean NPR
During
Exercise

Mean RPE
During
Exercise

-.058
-.042
-.059
-.026
-.038
-.001
.029
-.050
.006
.020
-.129
.059
-.200
-.104
-.029
.014
-.004
-.086
-.175
-.109
-.028
.013
.093
-.127

-.140
.078
,170
-.005
.225
-.018
-.097
.112
.057
.084
.052
.078
.027
-.038
.172
-.033
-.011
-.078
-.071
.020
.073
-.021
.079
-.069

.272
.370**
-.063
.179
-.094
.210
.108
.268
-.025
.128
-.045
.259
.140
.226
.071
.223
.158
-.041
.064
.312
-.036
.150
-.073
-.028

.348*
.288
-.203
.269
-.250
.213
.320
.291
.126
.231
.014
.257
.205
.226
.120
.284
-.023
.066
.129
.354*
-.017
.276
-.067
.191
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b)

Δ Arm Pain

Concentric

Post
Day 1
Day 3

Δ Arm
Fatigue

Post
Day 1

Δ Whole-Body
Fatigue

Δ WholeBody Pain

Day 3
Post
Day 1
Day 3
Post
Day 1
Day 3

CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM
CON
FM

Elbow
Flexor
MVIC

Handgrip
MVIC

Mean NPR
During
Exercise

Mean RPE
During
Exercise

.118
.186
-.025
.065
.078
.112
.101
.239
.117
.163
.162
.185
-.031
-.094
-.056
-.188
.081
-.111
-.037
-.108
.041
-.093
.104
-.039

.083
.100
-.082
-.008
.019
.057
.036
.118
-.058
.037
.105
.056
-.068
-.041
-.063
-.032
.013
-.075
-.096
-.061
.036
-.028
.086
-.019

.560***
.526***
-.074
.439**
.166
.279
.562***
.587***
-.043
.404**
-.073
.230
-.088
.239
.244
-.148
.179
-.207
.301
.189
.155
-.299
.081
-.257

.575***
.543***
.102
.452**
.338
.373*
.543***
.563***
.200
.438**
-.032
.344
.035
.245
.190
-.069
.234
-.049
.284
.182
.144
-.143
.047
-.024
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Table 3.4. Correlations to Changes in Reported Arm and Whole-Body Pain and Fatigue
During Recovery for a) isometric and b) concentric exercise. PROMIS Fatigue =
PROMIS Short Form v1.0 – Fatigue 7a, FIQR = Fibromyalgia Impact Questionnaire –
Revised, merican College of Rheumatology Modified Diagnostic Criteria for
Fibromyalgia, PCS = Pain Catastrophizing Scale, TSK-11 = Tampa Scale of
Kinesiophobia - 11, NPR = numerical pain rating, RPE = rating of perceived exertion,
CON = control, FM = fibromyalgia, *p<0.02, **p<0.01, ***p<0.001.
a)

Δ Whole-Body
Fatigue

Δ Whole-Body
Pain

Δ Arm Fatigue

Δ Arm Pain

Isometric

Post
Day 1
Day 3
Post
Day 1
Day 3
Post
Day 1
Day 3
Post
Day 1
Day 3

PROMIS
Fatigue

FIQR

ACR

TSK

PCS

CON
FM
CON
FM
CON
FM

.015
-.078
.204
.163
.273
.079

---.068
--.103
--.017

---.074
--.291
--.369*

.163
.110
-.179
.024
-.233
.092

-.050
-.147
-.076
-.085
.035
-.183

CON
FM
CON
FM
CON
FM

.111
.180
.347*
.161
.476***
.092

--.147
---.020
--.016

---.009
--.206
--.309

.172
.059
-.075
-.098
-.061
.076

-.066
-.195
-.093
-.318
.131
-.308

CON
FM
CON
FM
CON
FM

.082
.235
.124
.070
.264
.164

--.218
--.053
--.084

--.158
--.149
--.142

.255
.181
-.093
.279
-.005
.251

-.199
.016
-.265
.120
.218
-.047

CON

-.007

---

---

.294

-.156

FM

.239

.149

.048

.056

-.043

CON

.284

---

---

-.115

.032

FM

.592

-.018

.027

.204

-.007

CON

.284

---

---

-.091

.202

FM

.229

.069

.127

.172

-.059

89
b)

Δ Whole-Body
Fatigue

Δ Whole-Body
Pain

Δ Arm Fatigue

Δ Arm Pain

Concentric

Post
Day 1
Day 3
Post
Day 1

Day 3
Post
Day 1
Day 3
Post
Day 1
Day 3

PROMIS
Fatigue

FIQR

ACR

TSK

PCS

CON
FM

.267
.161

--.118

---.020

.079
.084

.210
-.148

CON
FM
CON
FM

.049
.310
.035
.265

--.483**
--.381*

--.336
--.354

.049
.225
.124
.272

.067
-.091
-.068
-.047

CON

.304

---

---

.219

.145

FM
CON
FM

.150
.150
.186

.153
--.454**

.040
--.363

.148
-.124
.177

.080
-.002
-.011

CON
FM

.083
.263

--.302

--.331

-.078
.226

-.147
-.004

CON
FM
CON
FM
CON
FM

-.148
.098
-.170
-.063
.160
-.096

---.070
--.104
---.042

---.168
--.027
--.027

.148
.094
-.131
.089
.142
.049

-.177
.101
.476***
.130
.233
.191

CON

.393**

---

---

.172

-.006

FM

.092

.025

-.261

.112

.174

CON

.163

---

---

.086

.174

FM

.141

.120

-.022

.014

.073

CON

.244

---

---

-.028

.189

FM

-.007

-.033

-.055

.052

.153

3.6 Discussion
People with fibromyalgia reported clinically relevant exacerbation of pain and
fatigue during a three-day recovery from low-intensity, short duration isometric and
concentric exercise that was localized to the exercising muscle. In contrast, the increase
in pain and fatigue for the control participants was less compared to people with
fibromyalgia and returned to baseline levels by day one following exercise. In addition to
group differences, there was an effect of contraction type as concentric contractions lead
to greater pain and exertion during exercise. The influence of concentric contractions
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remained immediately after exercise as greater pain and fatigue were reported at rest in
both groups however, not one- and three-days following exercise.
During exercise the fibromyalgia group reported greater mean arm pain and
perceived exertion compared to the control group. On average, the control participants
reported minimal to moderate pain to the exercising arm, while those with fibromyalgia
reported moderate to severe levels of pain when performing an exercise bout
individualized to their strength. Like pain, levels of perceived exertion during matched
submaximal exercise was greater in the fibromyalgia group; control reporting on average
fairly moderate to hard exertion and fibromyalgia reporting moderate to very hard. Even
though this study protocol used modified exercise protocol (low intensity and short
duration) according to clinical recommendations, participants with fibromyalgia continued
to report elevated levels of pain and exertion compared to control participants. Relying
on dose modifications alone when prescribing exercise to people with fibromyalgia may
not be sufficient. Concurrent assessment and management of the pain and fatigue
response and education about recovery from exercise may improve tolerance and
compliance to intervention.
During recovery control and fibromyalgia participants reported elevated pain and
fatigue locally in the exercising limb at rest and with movement immediately following
both exercise types however, symptoms remained elevated only for fibromyalgia at oneand three-days following exercise. The increases in pain and fatigue immediately after
and at one- and three-days following exercise approached clinically important
differences (>2 point change) (Dworkin et al., 2008; Schwartz et al., 2002) in the
fibromyalgia only. Similar to symptoms during exercise, concentric exercise led to
greater pain and fatigue when evaluated at rest but not with movement during and
immediately following exercise. This provides evidence that the evaluation of symptom
response may be dependent on the method of inquiry, as symptoms at rest may differ
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compared to when performing physical activity. Despite slight differences we feel this is
an important factor to consider when evaluating the response to exercise as pain and
fatigue with movement is more relevant functionally. Clinicians need to be cognizant of
the local response following exercise as subsequent performance of exercise and/or
daily activity may be impacted by elevated symptoms of pain and fatigue. Additionally,
lack of adequate patient education and symptom management during the three-day
recovery period may negatively influence compliance to exercise intervention. To assist
in increasing compliance and exercise progression clinicians may reinforce realistic
expectations of the local response to exercise, use adjunct pain management
techniques (e.g., electro & thermal modalities, manual therapy, medications) to reduce
the intensity and duration of symptoms (Dailey et al., 2020). This study challenges
clinical practice paradigms that beginning with light intensity exercise will be sufficient to
prevent local symptom exacerbation.
The temporal course of whole-body pain and fatigue following both exercise
types was different than localized arm symptoms. Statistically significant changes in
whole-body pain and fatigue at rest and with movement were reported through the threeday recovery period with the fibromyalgia group reporting differences in all assessments
except for whole-body fatigue with movement. In contrast to the increase in localized
arm pain, the statistically significant changes in whole-body pain and fatigue at rest and
with movement did not reach clinically important differences at any assessment following
both exercise types in each group. The magnitude of change seen in whole-body pain
and fatigue may be associated with typical symptom variation seen in fibromyalgia
(Bartley et al., 2018; Harris et al., 2005).
Both groups reported greater perceived pain and exertion during concentric
exercise with greater reports of exercising limb pain and fatigue that remained
immediately following exercise. One potential explanation for these differences is that
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intermittent concentric contractions generate less force at a greater metabolic cost
compared to isometric contractions (Feher, 2017; Radák, 2018). Repeated cross-bridge
formation during the shortening of concentric contractions requires greater metabolic
demand and thus may produce greater accumulation of fatigue metabolites which
provide greater afferent feedback via group III and group IV afferents to stimulate
perceptions of pain and fatigue (Ament & Verkerke, 2009; Feher, 2017; Pollak et al.,
2014; Radák, 2018). Amplified pain and fatigue in fibromyalgia may be due to
augmented central and/or peripheral nervous system sensitization, leading to an
increased sensitivity to pain and exertion with exercise. This theory has been previously
supported in people with fibromyalgia performing maximal exercise to exhaustion (Staud
et al., 2010; Vierck et al., 2001a), however, we show even submaximal exercise
provides peripheral input from exercising muscle may augment pain sensitivity and lead
to heightened localized pain and fatigue. However, peripheral afferent input from
submaximal exercise did not lead to systemic changes in widespread pain and fatigue
as suggested in prior research (Staud et al., 2009). Further research is required to
determine whether initiating exercise training with isometric contractions and gradually
incorporating dynamic contractions leads to improved exercise tolerance.
Evaluation of the qualitative aspects of pain during the three-day recovery period
with the SF-MPQ PRI reveals people with fibromyalgia describe changes in pain as
sensory (e.g., aching, heavy, tender) in nature during recovery and not affective
beliefs/feelings (e.g., fearful, punishing-cruel). Despite prior research demonstrating the
influence of negative cognitive-affective thoughts such as pain catastrophizing and
kinesiophobia on symptoms and outcomes to treatment in those with chronic pain
(Cecchi et al., 2011; Edwards et al., 2006a; Larsson et al., 2017), our study shows that
changes in pain and fatigue following a single bout of exercise were not related to these
affective beliefs. Taken together, exercise prescribing clinicians should address the
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sensory component of pain following participation in a single exercise bout in people with
fibromyalgia.
Prior studies have identified baseline factors such as disease severity, fitness
level, and negative cognitive emotional attributes may influence symptom responses in
fibromyalgia (Hoeger Bement et al., 2011a; Newcomb et al., 2011; Sanudo & Galiano,
2009; van Koulil et al., 2010), suggesting these variables may help establish prognosis
and predict outcome to exercise intervention. In this study, control and fibromyalgia
participants were matched for age, sex, BMI, baseline strength, and moderate-tovigorous physical activity performed per week. This strengthens our ability to compare
the pain and fatigue response between control and fibromyalgia participants without
having undue influence of the previously stated variables and differences between
groups may be attributed to clinical features of fibromyalgia while providing much
needed evidence on exercise recovery for the understudied population of middle-aged,
overweight women.
Baseline measures of pain, fatigue, catastrophizing, and kinesiophobia were
greater in the fibromyalgia group compared to control as demonstrated in prior research
to be characteristic of fibromyalgia (Bennett et al., 2009; Edwards et al., 2006a; Hauser
et al., 2011; Larsson et al., 2017; Nijs et al., 2013; Walitt et al., 2015). Baseline clinical
measures of symptom severity, functional impact, and psychosocial attributes correlated
with arm and whole-body pain and fatigue in those with fibromyalgia. However, these
variables were not associated with the increased pain and fatigue that occurred following
exercise. People with fibromyalgia who reported higher arm and whole-body pain did not
report greater exacerbations of pain and fatigue following exercise. Thus, baseline
clinical symptom severity and psychosocial influence may not influence the acute
response following a single bout of exercise. Baseline symptom and psychosocial status
should not deter patients from initiating exercise and clinicians should incorporate
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techniques to manage the expected symptom response during exercise recovery
regardless of clinical severity. Additionally, baseline strength in the exercising arm and
handgrip did not correlate with the magnitude of change in pain and fatigue during the
immediate and three-day recovery following either exercise type. These results indicate
that baseline symptom severity, strength, and psychosocial attributes may not provide
adequate insight to the local or systemic symptom response following a single bout of
light intensity exercise in fibromyalgia. Clinicians should be aware of the need to manage
exacerbated pain and fatigue following isometric and concentric exercise for all patients
with fibromyalgia regardless of baseline status.
Moderate correlations were found between mean pain and perceived exertion
during concentric exercise to the change in reported pain and fatigue in the exercising
limb up to one day in fibromyalgia. However, no correlations were found for the response
following isometric exercise. Assessment of pain and perceived exertion may provide
insight into the one-day fatigue and pain response locally in the exercising limb following
concentric exercise but not isometric. This finding contributes to the potential influence of
local factors in the exercising muscle on symptoms during and following exercise. Use of
a pain and RPE scale during exercise may provide insight into the magnitude of the
acute pain and fatigue response following exercise and is easy to implement in clinical
practice. Evaluating pain and RPE during exercise may provide valuable, real time
information to modify the intensity of exercise in relation to reducing the pain and fatigue
during recovery from exercise. Further research into these associations is needed as
larger magnitude change in pain and fatigue following concentric exercise may have
facilitated significant correlations. The lack of correlation to changes whole-body pain
and fatigue is promising as this coincides with the lack of clinically relevant change in
systemic symptoms following exercise in fibromyalgia.
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Limitations
People with fibromyalgia continue to experience pain and fatigue through the
three-day recovery period following light intensity isometric and concentric exercise.
Future studies should consider evaluating the temporal pain and fatigue response for
longer duration to better understand the length of symptom exacerbation following
exercise.
3.7 Conclusion
People with fibromyalgia experience clinically relevant increases in pain and
fatigue localized to the exercising limb during the three-day recovery from isometric and
concentric based exercise. These changes in pain and fatigue that are local to the limb
are greater with concentric-based exercise. However, patients with fibromyalgia should
not be deterred from performing exercise as clinically relevant changes in widespread
body pain and fatigue were not reported. These findings have important clinical
implications when initiating exercise in people with fibromyalgia as pain and fatigue
exacerbation may be localized to the exercising muscle. Clinical decision-making in the
management of pain and fatigue during recovery from exercise should include
assessment of location and duration of the symptom response, patient education in
identifying expected post-exercise symptoms, and exercise prescription that gradually
incorporates multiple body parts to avoid misinterpretation of exacerbated widespread
pain and fatigue.
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CHAPTER 4: ARE THERE PROGNOSTIC FACTORS FOR THE PAIN RESPONSE
FOLLOIWNG EXERCISE IN FIBROMYALGIA?
4.1 Abstract
Purpose:
Many with fibromyalgia report increases in pain following exercise however, there is
considerable variability in the pain response following a single bout of exercise with lack
of understanding of the biopsychosocial factors that contribute to this variability. This
study investigated the relation of baseline clinical pain, experimental pain, perceived
fatigue, body composition, physical activity, and psychosocial factors (kinesiophobia and
pain catastrophizing) on the pain response following a single bout of exercise in people
with fibromyalgia.
Methods:
Forty-seven people with fibromyalgia (51.3±12.3yr) performed a bout of submaximal
isometric and concentric exercise for ten minutes with the right elbow flexors on
separate days. Baseline assessment of clinical pain, experimental pain, perceived
fatigue, body composition, physical activity, and psychosocial (kinesiophobia, pain
catastrophizing) were completed. The pain response following exercise was measured
as the change in pressure pain thresholds in the exercising limb immediately following
exercise and self-reported exercising limb and whole-body pain up to three days
following exercise.
Results:
Assessment of group data reveals people with fibromyalgia did not experience changes
in pressure pain thresholds following exercise however, considerable individual variation
existed. Statistically significant increases in exercising arm and whole-body pain
occurred immediately after, one-day, and three days following exercise (p≤0.05)
however, only arm pain reached the minimal clinically important difference of 2-point
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change. Only the Fibromyalgia Impact Questionnaire – Revised total score correlated
with the change in arm pain during the three days following exercise while all other
correlations were not significant.
Conclusion:
Mean changes in pressure pain sensitivity and reported pain following exercise are not
representative of the heterogeneity that occurs on an individual basis in people with
fibromyalgia. Variation in the change in pain following submaximal exercise in
fibromyalgia is not related to baseline constructs of perceived pain and fatigue,
experimental pain sensitivity, psychosocial influences, physical activity, and body
composition.
4.2 Introduction
Exercise training has been recommended as a front-line treatment in the
management of chronic pain in fibromyalgia (Busch et al., 2013b; Dowell et al., 2016b;
Macfarlane et al., 2017) however, many with fibromyalgia have limited exercise
tolerance (Culos-Reed & Brawley, 2000; de Gier et al., 2003) due to anecdotal reports of
increased pain while performing exercise and in the days following exercise (da Cunha
Ribeiro et al., 2018; Mengshoel et al., 1995). People without chronic pain experience
exercise-induced hypoalgesia which is characterized by a decrease in pain sensitivity
that can last up to thirty minutes following an single bout of exercise (Koltyn et al., 2014;
Naugle et al., 2012b). The pain response to exercise in not consistent among people
with fibromyalgia with evidence for exercise-induced increases in self-reported pain and
experimental pain sensitivity (e.g., increase in pressure pain thresholds [PPT]) (Kadetoff
& Kosek, 2007; Kosek et al., 1996; Lannersten & Kosek, 2010; Rice et al., 2019a; Staud
et al., 2005; Wewege & Jones, 2020). Despite the effectiveness of routine exercise
training, there has been limited investigation into the acute pain response immediately
after and in the days after following a single bout of exercise in fibromyalgia. Prior
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research from our laboratory has identified variability in the acute pain response to a
noxious stimulus immediately following a single bout of submaximal isometric exercise
that paralleled changes in clinical pain as some experience increases, decreases, or no
change in pain (Hoeger Bement et al., 2011a). Exercise dose (i.e., intensity and
duration) may also impact the magnitude of exercise-induced hypoalgesia as higher
intensity exercise yields greater exercise-induced hypoalgesia in healthy adults (Koltyn,
2002b; Naugle et al., 2014c) however, the impact on exercise-induced hypoalgesia in
people with chronic pain is unclear (Polaski et al., 2019). Despite the limited
understanding of the acute pain response following a single bout of exercise, guidelines
suggest the use of low intensity exercise to increase compliance with training due to
evidence that the accumulation of higher dosages through increased adherence and
consistent exercise over time seem to have greater benefits in reducing clinical pain and
improving function (Bidonde et al., 2014b; Bidonde et al., 2019; Price et al., 2020).
Despite evidence for improvements in pain and function with routine low-intensity
exercise there is limited understanding of the influence of contraction type on the acute
pain response.
Even though there is known heterogeneity in the response to exercise and in the
management of chronic pain (Bidonde et al., 2014b; Busch et al., 2013b; Gowans &
deHueck, 2004; Hoeger Bement et al., 2011a; Polaski et al., 2019; Rice et al., 2019a),
there is little understanding of the variety of biopsychosocial factors that have been
shown to influence symptoms and treatment outcomes in fibromyalgia. Prior research
has described people with fibromyalgia as having elevated levels of pain and fatigue
(Hauser et al., 2011; Wolfe et al., 2013), augmented central pain facilitation (Price et al.,
2002; Staud et al., 2003a; Staud et al., 2009; Staud et al., 2001b), reduced central pain
inhibition (Goubert et al., 2015a; Julien et al., 2005; Nijs et al., 2012; Staud, 2012b;
Staud et al., 2003b), negative psychosocial influences such as kinesiophobia and
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catastrophizing (Brellenthin et al., 2017; Burwinkle et al., 2005; Edwards et al., 2006a;
Turk et al., 2004), limited participation with physical activity (McBeth et al., 2010;
McLoughlin et al., 2011), and poor body composition (Arranz et al., 2014; Okifuji et al.,
2010; Yunus et al., 2002). The influence of these factors on the acute pain response to a
single bout of exercise in fibromyalgia is not completely understood. Improved
understanding of the biopsychosocial factors that influence the acute pain response to a
single bout of exercise may shed light onto the variability that occurs following exercise
and lead to development of guidelines that individualize exercise prescription in people
with fibromyalgia.
Despite changes in central pain modulation in fibromyalgia, there has been
limited investigation to the impact of these changes on the symptom response following
a single bout of exercise. Particular to exercise, enhanced central pain facilitation (pain
summation) may explain greater pain following exercise in fibromyalgia (Staud et al.,
2009; Vierck et al., 2001a), while in healthy adults those with greater central pain
inhibition (conditioned pain modulation [CPM]) are more likely to experience exerciseinduced hypoalgesia (Alsouhibani et al., 2019; Ellingson et al., 2014; Lemley et al.,
2015a). Studies investigating psychosocial influences (Brellenthin et al., 2017) on the
pain response to exercise have found elevated levels of pain catastrophizing to
attenuate exercise-induced hypoalgesia (Brellenthin et al., 2017; Naugle et al., 2014b;
Weissman-Fogel et al., 2008b) and fear of pain to be associated with increased pain
sensitivity (Brellenthin et al., 2017; Horn et al., 2014) in healthy adults. There has been
limited investigation in the influence of these factors on the acute pain response
following a single bout of exercise with equivocal evidence on the relation between
kinesiophobia (fear of movement) and exercise-induced hypoalgesia in people with
chronic musculoskeletal pain (Munneke et al., 2020; Vaegter et al., 2018).
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In addition to these psychosocial factors, prior research has demonstrated
baseline physical activity may influence endogenous pain modulation in healthy
populations (Naugle et al., 2017; Naugle & Riley, 2014b; Ohlman et al., 2018); elderly
people who participate in greater moderate-to-vigorous physical activity experience
greater exercise-induced hypoalgesia compared to matched participants (Ohlman et al.,
2018). In fibromyalgia, those with higher baseline physical activity showed greater
activation of brain regions that modulate pain while those with greater sedentary time
demonstrated less activation, indicating physical activity behaviors are important for
central nervous system regulation of pain (Ellingson et al., 2012b). Besides physical
activity, the influence of body composition on the exercise-induced pain response has
not been investigated in fibromyalgia; although adolescents with greater total body lean
mass experience greater exercise-induced hypoalgesia compared to those with less
lean mass (Stolzman et al., 2015). Additionally, lean mass was positively related to
central pain inhibition (i.e., CPM) in these adolescents and has been shown to contribute
to changes in central pain facilitation (i.e., pain summation) in healthy adults (Awali et al.,
2018).
Improved understanding of the multifactorial nature of chronic pain and
heterogeneity of treatment outcomes has led to suggestions of a mechanism-based,
biopsychosocial approach to chronic pain management (Clauw, 2015; Cruz-Almeida &
Fillingim, 2014; Fillingim, 2017b; Fillingim et al., 2016b; Turk, 2005b; Turk & Adams,
2016). Assessment of these biopsychosocial factors in relation to the change in pain
following a single bout of exercise may lead to a tailored approach to exercise
prescription. The aim of this study was to investigate the relation of baseline clinical pain
(questionnaires of symptom severity and functional impact), experimental pain (CPM,
TS), perceived fatigue, body composition, physical activity, and psychosocial factors
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(kinesiophobia and pain catastrophizing) on the acute pain response following exercise.
Data were extracted from chapter 3 to assess this aim.
The acute pain response is measured as the change in experimental pain (i.e.,
increase in pressure pain thresholds [PPTs]) immediately after exercise and selfreported exercising arm and whole-body pain immediately after and up to three days
following a single bout of submaximal intermittent isometric or concentric exercise. We
hypothesize people with less severe clinical symptoms, more efficient pain modulation
(i.e. greater CPM and less TS), and nominal psychosocial influences will experience
greater exercise-induced hypoalgesia and minimal increases in self-reported exercising
arm and whole-body pain following exercise.
4.3 Methods
Participants (same as chapter 3)
Forty-seven people with fibromyalgia (44 female, mean ± SD: 51.3 ± 12.3y;
range: 24-75y; BMI: 30.2 ± 6.9) completed three sessions which included a
familiarization and two randomized exercise sessions (submaximal, intermittent
isometric and concentric contractions of the right elbow flexors). Follow up clinical pain
assessments were completed day 1 (n= 39) and day 3 (n= 37) post-exercise. Exclusion
criteria and informed consent are listed in chapter 3.
Experimental Protocol
This study investigates the influence baseline clinical pain, experimental pain,
perceived fatigue, body composition, physical activity, and psychosocial influences on
the pain response following exercise as measured by the immediate changes in
experimental pain (PPTs) as well self-reported exercising arm and whole-body pain up
to three days following isometric and concentric exercise. Session one (Figure 4.1a)
included baseline assessment of experimental pain and familiarization to isometric and
concentric exercise. Additional baseline assessments included the Pain Catastrophizing
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Scale (PCS) (Sullivan et al., 1995), Revised Fibromyalgia Impact Questionnaire (FIQR)
(Bennett et al., 2009; Burckhardt et al., 1991), Short-Form McGill Pain Questionnaire
(SF-MPQ) (Melzack, 1987), modified 2010 American College of Rheumatology
Diagnostic Criteria for Fibromyalgia (Wolfe et al., 2011b; Wolfe et al., 2010b), Tampa
Scale for Kinesiophobia – 11 (Woby et al., 2005), and maximal voluntary isometric
contraction (MVIC) of the right elbow flexors. All participants were issued an ActiGraph
activity monitor (ActiGraph wGT3X-BT, Pensacola, FL) to quantify physical activity over
a seven-day period. Forty-five participants completed the conditioned pain modulation
protocol (CPM) while two were unable to tolerate submersion of the left foot into the
cold-water bath (i.e., conditioning stimulus).
The first experimental session (session 2) (Figure 4.1b) incorporated
assessment of body composition via dual-energy x-ray absorptiometry (DXA) (GE Lunar
iDXA, Madison, WI) and self-reported physical activity with the Physical Activity
Assessment Tool (PAAT) (Meriwether et al., 2006). Both experimental sessions (Figure
4.1b) included assessment of pain intensity and quality with the SF-MPQ, and perceived
fatigue with the PROMIS Short Form v1.0 – Fatigue 7a (PROMIS Fatigue) (Ameringer et
al., 2016; Lai et al., 2011). Experimental pressure pain sensitivity and self-reported arm
and whole-body pain were assessed before and after isometric and concentric exercise
tasks performed with the right elbow flexors. Right elbow flexor MVICs were performed
prior to each exercise task to match intensity of isometric and concentric exercise tasks
which were performed in randomized order. Self-reported right arm and whole-body pain
were assessed one day and three days following each exercise task (Figure 4.1c).
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Figure 4.1. Experimental design a) session 1 (familiarization & baseline assessment), b)
session 2 & 3 (exercise), c) day 1 and 3 following exercise (recovery assessments).
= pressure pain thresholds, = arm and whole-body pain (VAS), PCS = Pain
Catastrophizing Scale, FIQR = Revised Fibromyalgia Impact Questionnaire, SF-MPQ =
McGill Pain Questionnaire – Short Form, ACR = American College of Rheumatology
Modified Diagnostic Criteria for Fibromyalgia, TSK-11 = Tampa Scale of Kinesiophobia,
CPM = conditioned pain modulation, MVIC = maximal voluntary isometric contraction,
PAAT = Physical Activity Assessment Tool, DXA = dual-energy x-ray absorptiometry,
PROMIS – Fatigue = PROMIS Short Form v1.0 – Fatigue 7a.
a) Session 1: Familiarization & Baseline Assessments

b) Session 2 & 3: Exercise Sessions

c) Recovery Assessments Day 1 & 3 Following Exercise

Maximal Voluntary Isometric Contractions & Intermittent Submaximal Isometric &
Concentric Muscle Contractions
MVICs were performed with the right elbow flexors while seated in a Biodex
System 3 PRO (Biodex Medical Systems, Inc., Shirley, New York). The forearm was
placed in neutral position in a modified forearm orthosis attached to the dynamometer
while each participant was seated with their hips and knees flexed to 90° flexion, right
shoulder in 40° flexion, and right elbow in 90° flexion. The setup and positioning was
maintained during all three sessions. Participants were verbally encouraged to contract
as strong as they could and build as much force for 3-5 seconds with visual feedback of
torque production on a computer monitor placed 1m from the participant. Torque
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recordings from the dynamometer were recorded online and digitized using a Power
1401 analog-to-digital converter and Spike 2 software [Cambridge Electronics Design
(CED), Cambridge, UK] at 500 samples per second. Two MVICs were performed prior to
isometric and concentric muscle contractions to identify a load equivalent of 20% of
MVIC to be used during isometric and concentric exercise bouts.
During the exercise sessions, submaximal isometric or concentric muscle
contractions were performed with an intermittent duty cycle (2-s contraction: 1-s
relaxation) at the same relative intensity (20% MVIC) and duration (10-min) with the right
elbow flexors. Positioning during exercise was maintained similar to performance of
MVIC with the right elbow fixed at 90° flexion during isometric exercise and an allotted
range of motion of 50-120° flexion for concentric exercise. While performing the muscle
contractions, each participant was provided verbal encouragement and a visual of a
target force line indicating 20% of MVIC on a computer monitor placed 1 meter from the
participant.
Baseline Assessments
Clinical Pain
The modified 2010 American College of Rheumatology Diagnostic Criteria for
Fibromyalgia (ACR) is a valid measure of fibromyalgia symptom severity and able to
detect varying degree of symptom severity among people with fibromyalgia (Wolfe et al.,
2011b; Wolfe et al., 2010b). The Fibromyalgia Symptom scale (FS scale) of the ACR
was used for correlation analysis and is scored as the sum of the widespread pain index
and symptom severity score with higher scores indicated greater symptom severity
(Wolfe et al., 2011b). The Revised Fibromyalgia Impact Questionnaire (FIQR) (Bennett
et al., 2009; Burckhardt et al., 1991) is a valid measure of functional impact of related
fibromyalgia symptoms. The FIQR total score was used for correlation analysis with
higher scores indicating greater functional impact. Baseline pain intensity and quality
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was measured with the Short-Form McGill Pain Questionnaire (SF-MPQ) (Melzack,
1987). Pain quality is measured with the Pain Rating Index (PRI) and pain intensity
represented by the visual analogue scale (VAS) as higher scores indicating greater
magnitude of symptoms.
Perceived Fatigue
Baseline impact of perceived fatigue on daily function was measured with the
PROMIS Short Form v1.0 – Fatigue 7a (PROMIS Fatigue) (Ameringer et al., 2016; Lai et
al., 2011). The total score was used in correlation analysis with higher scores indicating
greater impact of fatigue on daily function.
Psychosocial Assessments
Thoughts and feelings directed towards pain were measured with the Pain
Catastrophizing Scale (PCS) (Sullivan et al., 1995). The total score of three subscales
(rumination, magnification, helplessness) was used for correlation analysis with higher
scores indicating greater catastrophizing towards pain. Fear of movement/(re)injury was
measured with the Tampa Scale for Kinesiophobia – 11 (Tkachuk & Harris, 2012; Woby
et al., 2005). The total score was used for correlation analysis with higher scores
indicating greater pain-related fear.
Experimental Pain
Computerized Pressure Algometer: Biceps
PPTs were measured with a pressure algometer (Somedic Algometer Type II,
Hörby, Sweden) at the exercising limb (right biceps). Two trials separated by a 10second intertrial interval were performed at 2/3 distance between the anterior border of
the acromion to the superior border of the cubital fossa with a 1-cm2 rubber tip using a
ramp protocol increasing applied pressure at a rate of 50 kPa/sec. The average of the
two assessments was used for data analysis. PPTs were recorded with participants
seated upright in a Biodex System 3 Pro with the upper extremity supported in 40°
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shoulder flexion and 15° elbow flexion and feet positioned on a footrest with hips and
knees at 90° flexion. Baseline PPT was measured at the beginning of each session.
Customized Pressure Pain Device – Pain Summation: Finger
A custom-made pressure pain device (Romus, Inc, Milwaukee WI) was used to
measure baseline pain summation during session one (Hoeger Bement et al., 2011a;
Hoeger Bement et al., 2009). A weighted Lucite edge was placed on the left index finger
for 2-minutes, the equivalent of 1-kg mass was applied to controls while a 0.75-kg mass
was applied to participants with fibromyalgia. A lesser mass was used with fibromyalgia
participants to facilitate completion of the two-minute trial despite their increased pain
sensitivity (Hoeger Bement et al., 2011a). Pain ratings were reported every 20-seconds
using a 0 to 10 numerical rating scale (NRS). Summation of pain during the constant
noxious stimulus was calculated as the difference from the last pain rating (120 sec) to
the first (0 sec).
Conditioned Pain Modulation
CPM is an indirect measure of central pain inhibition and was quantified as the
change in PPT (test stimulus) measured at the bicep before and during submersion of
the left foot and ankle into a noxious ice water bath (conditioning stimulus) (Lewis et al.,
2012a; Yarnitsky et al., 2015). The average of two PPTs was used for analysis.
Sequence of the protocol consisted of assessment of PPTs at the bicep, submersion of
the left foot into an ice water bath (0.7°C ± 0.3°C), and after 20 seconds reassessment of
PPTs. Participants were instructed to maintain their foot in the ice water bath until
instructed by the examiner upon completion of PPT assessment. During submersion of
the foot, pain intensity was measured at 20 seconds using a 0-10 numerical rating scale
(NRS) with anchors of 0 = “no pain”, 5 = “moderate pain”, and 10 = “worst pain”(Farrar et
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al., 2001; Turk et al., 1993). Immediately after removal of the foot from the ice water,
peak pain intensity of the left foot was assessed.
Physical Activity
The percent of time spent in sedentary, light, and moderate-to-vigorous activity
was assessed with activity monitors (ActiGraph wGT3X-BT, Pensacola, FL) worn on the
non-dominant wrist for seven days. All participants completed daily logs tracking sleep
time, physical activity, and any removal time. Data were downloaded and analyzed using
ActiLife software (ActiLife 6.13.1, Pensacola, FL). Non-wear and sleep time were
identified and removed using the daily logs and Troiano algorithm (Choi et al., 2012) to
calculate the amount of physical activity time. Data from four validated days (wear time
of at least ten hours) were used for analysis as four days has been shown to be
representative of a week’s average of physical activity (Migueles et al., 2017). Cut points
based on Freedson’s algorithm (Freedson et al., 1998; Rosenberger et al., 2013) were
used to estimate percent of time spent in sedentary, light, and moderate-to-vigorous
activity. The Physical Activity Assessment Tool (PAAT) (Meriwether et al., 2006) was
used to measure self-reported time spent performing moderate-to-vigorous intensity
physical activity over a seven-day period.
Body Composition
Body composition was quantified using a GE Lunar iDXA (GE, Madison, WI).
Participants were instructed to refrain from eating and drinking 1-2 hours prior to
scanning. Scans were analyzed using Encore software (GE, Madison, WI) and
measures of total lean mass (kg), total fat mass (kg), right arm lean mass (kg), right arm
fat mass (kg), and visceral adipose tissue (VAT) (in3) are reported. Regional measures
of right arm fat mass and lean mass are reported due to performance of exercise with
the right upper extremity.
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Pain Response Following Exercise
Pressure Pain Thresholds Before and Immediately Following Exercise
PPTs were assessed before and immediately after each exercise bout with the
computerized pressure algometer on the right biceps as previously indicated. The
change in experimental pain was measured as the difference in PPTs pre- to postexercise.
Self-Reported Exercising Arm Pain and Whole-Body Pain Intensity Before and Following
Exercise
Self-reported arm and whole-body pain was assessed before, immediately after,
one day, and three days following each exercise task with a 0-10 cm visual analogue
scale (VAS) with anchors of “no pain” and “worst pain” (Dworkin et al., 2005; Turk et al.,
1993). Arm and whole-body pain were assessed in reference to performing right upper
extremity and whole-body movement such as mimicking to pick up a cup or squatting to
pick something up from the floor, respectively.
4.4 Statistical Analysis
All analyses were performed using IBM SPSS (Version 26, IBM, Armonk, NY,
USA). Normality and linearity were evaluated with the Shapiro-Wilk test and visual
inspection via Q-Q plots. Data are reported as mean ± SD in text and tables and
displayed as mean ± SEM in figures. Changes in measures over time were analyzed
with repeated measures analysis of variance (ANOVA) and the Greenhouse-Geisser
adjustment was used when sphericity was not met. Post hoc tests were applied where
appropriate with paired t-test. A P-value ≤ 0.05 was used to identify statistical
significance (repeated measures ANOVA) and a more stringent alpha level was selected
for post hoc analyses and correlations to minimize type I and II error (Garamszegi,
2006).
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Baseline Assessments
Baseline Measures of SF-MPQ, PROMIS Fatigue, and PPT of the biceps were
measured across sessions and the consistency of these variables over time were
evaluated with repeated measures ANOVA. Baseline CPM was evaluated as the change
in PPT at the biceps before to after water submersion using a repeated measures
ANOVA. Baseline pain summation was evaluated as the change in pain ratings with
application of the custom-made pressure device over two minutes with a repeated
measures ANOVA.
Pain Response Following Exercise
Repeated measures ANOVA was used to compare the change in biceps PPT,
self-reported arm and whole-body pain across session (isometric and concentric) and
time.
Correlations of Baseline Assessments to Change in PPT and Self-Reported Pain
Following Exercise
Pearson product moment correlations were calculated to determine associations
between baseline variables and the change in biceps PPT and self-reported arm and
whole-body pain following exercise. The change in the pain response did not differ by
contraction type thus the mean change in biceps PPT and self-reported arm and wholebody pain for isometric and concentric exercise were used for correlation analyses.
4.5 Results
Baseline Assessments
Baseline values of clinical pain, perceived fatigue, psychosocial assessments,
experimental pain, physical activity, and body composition are listed in Table 4.1.
Clinical Pain
Baseline assessment of pain intensity (0-10cm VAS: F(2,90) = .063, p = .939,
ηp2 = .001; present pain intensity: F(2,92) = .523, p = .595, ηp2 = .011) and pain quality
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(pain rating index: F(2,92) = .692, p = .503, ηp2 = .015) measured with the SF-MPQ were
similar across all three sessions, therefore values from session one were used for
correlation analyses. Participants reported mild pain intensity (mean VAS: 3.7 ± 2.4;
range: 0 – 9.4), and a mean pain rating index of 8.8 ± 7.3 (range: 0 – 33). Similarly preexercise self-reported arm (isometric: 0.9 ± 2.0, concentric: 0.6 ± 1.7, t(46) = 2.056, p =
.045) and whole-body (isometric: 3.9 ± 2.7, concentric: 3.6 ± 2.0, t(46) =0.689, p = .494)
pain were comparable across sessions.
Perceived Fatigue
Perceived fatigue measured with the PROMIS Short Form Fatigue 7a (F(1,46) =
.014, p = .905, ηp2 = .000) was similar across both experimental sessions, the mean
(22.1 ± 5.4, range: 7 – 32.5) of both sessions was used for correlation analyses.
Experimental Pain
Computerized Pressure Algometer: Biceps
Pressure pain thresholds of the biceps were similar at baseline across all three
sessions, Time (F(2,92) = .480, p = .620, ηp2 = .010). Baseline PPT from session one
(mean: 160.5 ± 83.2kPa) (Table 4.1) was used for correlation analyses.
Customized Pressure Pain Device – Pain Summation: Finger
Pain summation was similar across all three sessions, (Time (F(2,92) = .048, p =
.953, ηp2 = .001)). Pain summation (7.2 ± 2.9) from session one (Table 4.1) was used for
correlation analyses. Participants experienced pain summation at baseline, Time (during
2 min of pressure pain device) (F(2.047,94.176) = 154.407, p < .001, ηp2 = .770) with a
mean increase of +7.2 ± 2.9 at the final two-minute assessment (t(46) = -17.029, p <
.001).
Conditioned Pain Modulation
Baseline assessment of conditioned pain modulation demonstrated a mean
increase of +36.9 ± 59.3kPa (Table 4.1) with pressure pain thresholds at the bicep (test
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stimulus) during the conditioning stimulus (ice water), (t(44) = -4.178, p < .001).
Participants reported a mean foot pain of 6.1 ± 2.8 at 20 seconds of submersion and a
peak pain intensity of 8.1 ± 2.0 throughout the complete submersion period.
Table 4.1. Baseline values of clinical pain, perceived fatigue, psychosocial assessments,
experimental pain, physical activity, and body composition. ACR = American College of
Rheumatology Modified Diagnostic Criteria for Fibromyalgia, FIQR = Fibromyalgia
Impact Questionnaire – Revised, SF-MPQ = McGill Pain Questionnaire – Short Form,
PROMIS Fatigue = PROMIS Short Form Fatigue 7a, VAT = visceral adipose tissue.
Age (yr)
Clinical Pain
ACR
FIQR – total summed score
SF-MPQ
Pain Rating Index
Visual Analogue Scale
Perceived Fatigue
PROMIS Fatigue
Psychosocial Assessments
Tampa Scale for Kinesiophobia – 11
Pain Catastrophizing Scale
Experimental Pain
Baseline Bicep PPT (kPa)
Baseline Pain Summation (0-10 NRS)
Conditioned Pain Modulation (change PPT at biceps) (kPa)
Mean foot pain at 20s
Peak foot pain
Physical Activity
ActiGraph Sedentary Time (%)
ActiGraph Light PA (%)
ActiGraph Moderate-to-Vigorous PA (%)
PAAT Total Moderate-to-Vigorous PA (min/wk)
Body Composition
BMI
Total Fat Mass (kg)
Total Lean Mass (kg)
VAT Volume (in3)
Right Arm Fat Mass (kg)
Right Arm Lean Mass (kg)

mean ± SD
51.3 ± 12.3
16.6 ± 5.8
48.5 ±19.7
8.8 ± 7.3
3.7 ± 2.4
22.1 ± 5.4
24.5 ± 7.2
23.8 ± 13.6
160.5 ± 83.2
7.2 ± 2.9
36.9 ± 59.3
6.1 ± 2.8
8.1 ± 2.0
35.3 ± 11.7
45.7 ± 8.0
19.0 ± 8.5
413.9 ± 86.2
30.2 ± 6.9
33.6 ± 12.8
44.3 ± 7.5
66.6 ± 40.8
1.8 ± 0.7
2.4 ± 0.7
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Pain Response Following Exercise
Pressure Pain Thresholds Before and Immediately Following Exercise
Biceps PPT did not change following exercise, Time (pre- to post-exercise)
(F(1,46) = 2.42, p = .126, ηp2 = .050) with a mean group increase of +8.9 ± 39.0kPa;
although there was a broad range of hyper- and hypoalgesia (Table 4.2, Figure 4.2).
The change in PPT following exercise was not different between exercise types,
Contraction (isometric vs concentric) x Time (F(1,46) = .142, p = .708, ηp2 = .003).
Table 4.2. Pressure pain threshold, Self-reported arm, and whole-body pain prior to
exercise and through the three-day recovery. Data presented as mean ± SD. PPT =
pressure pain threshold, VAS = visual analogue scale.

Exercising Arm Pain
(0-10 cm VAS)
Whole-Body Pain
(0-10 cm VAS)
Biceps PPT
(kPa)

Pre-Exercise

Post-Exercise

Day 1
Post-Exercise

Day 3
Post-Exercise

0.8 ± 1.8

3.7 ± 2.8

2.8 ± 2.8

2.8 ± 2.8

3.8 ± 2.5

4.5 ± 3.0

4.7 ± 2.6

5.0 ± 2.5

163.2 ± 86.1

172.0 ± 93.8

---

---

Figure 4.2. Group mean and individual change in bicep pressure pain threshold
immediately following exercise. PPT = pressure pain threshold.
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Self-Reported Exercising Arm Pain and Whole-Body Pain Intensity Before and Following
Exercise
Self-reported arm pain increased following exercise, Time (pre- to post-exercise)
(F(2.32,85.86) = 28.334, p < .001, ηp2 = .434) with post hoc analysis demonstrating a
mean increase of +2.9 ± 2.3 immediately following exercise (t(46) = -8.677, p<.001),
+1.9 ± 1.8 one day following (t(38) = -6.519, p<.001), and +1.9 ± 2.0 three days following
(t(37) = -5.855, p<.001) (Figure 4.3a, b, c). Arm pain was mild prior to exercise (mean:
0.8 ± 1.8, range: 0 - 10), mild to moderate immediately after exercise (mean: 3.7 ± 2.8,
range: 0 - 10), mild on day one (mean: 2.8 ± 2.8, range: 0 - 10), and mild on day three
(mean: 2.8 ± 2.8, range: 0 - 10) (Table 4.2). The change in arm pain was not different
between exercise types, Contraction x Time (F(2.070,76.574) = 2.872, p = .061,
ηp2 = .072) therefore, mean values representing changes from isometric and concentric
exercise are presented in Figure 4.3. The range of changes in arm pain during the
three-day recovery period are presented in Figure 4.3.
Self-reported whole-body pain increased following exercise, Time (pre- to postexercise) F(2.262,81.419) = 6.492, p = .002, ηp2 = .153) with post hoc analysis
demonstrating a mean increase of +0.7 ± 1.8 immediately following exercise (t(46) = 2.800, p=.007), +0.8 ± 1.4 one day following (t(38) = -3.712, p=.001), and +1.0 ± 1.5
three days following (t(36) = -4.302, p<.001) (Figure 4.4a, b, c). Whole-body pain prior
to exercise was mild to moderate (mean: 3.8 ± 2.5, range: 0 - 10), mild to severe
immediately after exercise (mean: 4.5 ± 3.0, range: 0 – 9.9), mild to severe on day one
(mean: 4.7 ± 2.6, range: 0 – 10), and mild to severe on day three (mean: 5.0 ± 2.5,
range: 0 - 10) (Table 4.2). The change in whole body pain was not different between
exercise types, Contraction x Time (F(3,108) = .618, p = .605, ηp2 = .017) therefore,
mean values representing changes from isometric and concentric exercise are
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presented in Figure 4.4. The range of changes in whole-body pain during the three-day
recovery period are presented in Figure 4.4.
Figure 4.3. Group mean and individual change in reported arm pain a) immediately
after, b) day one, and c) day three following exercise. VAS = visual analogue scale.
a)

b)
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c)

Figure 4.4. Group mean and individual change in whole body pain a) immediately after,
b) day one, and c) day three following exercise.
a)
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b)

c)

Correlations of Baseline Assessments to Change in PPT and Self-Reported Pain
Following Exercise
Due to lack of differences in the change in PPT, self-reported arm pain, and
whole-body pain following exercise types, the mean change from each session was
calculated and used for correlation analysis for each measure. The change in PPT
following exercise did not correlate with baseline clinical measures, baseline
experimental pain, body composition, or physical activity (Table 4.3). The change in selfreported arm pain correlated with baseline FIQR on day one (r=.446, p=.004) and three
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(r=.375, p=0.020) following exercise (Table 4.4a & b). Baseline ACR severity score
correlated with the change in arm pain on day 3 following exercise (r=.420, p=.009)
(Table 4.4a & b). Baseline SF-MPQ VAS correlated with the change in arm pain one
day following exercise (r=.439, p=.006). No baseline measures correlated with changes
in whole-body pain following exercise (Table 4.4a & b).
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Table 4.3. Correlations of baseline measures to changes in pressure pain thresholds.
PPT = pressure pain threshold, PA = physical activity.

Baseline Bicep PPT
Baseline Pain Summation
Conditioned Pain Modulation
(change PPT at biceps)
Tampa Scale for Kinesiophobia 11
Pain Catastrophizing Scale
American College of
Rheumatology Diagnostic Criteria
Fibromyalgia Impact
Questionnaire – Revised
Short Form-McGill Pain
Questionnaire – PRI
Short Form-McGill Pain
Questionnaire – VAS
PROMIS Fatigue
Body Mass Index
Total Fat Mass
Total Lean Mass
Visceral Adipose Tissue Volume
Right Arm Fat Mass
Right Arm Lean Mass
ActiGraph Sedentary Time
ActiGraph Light PA
ActiGraph Mod-Vig PA
PAAT Total Mod-Vig PA

r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value

∆ Biceps PPT
Following Exercise
.161
.279
-.246
.096
.195
.199
-.335
.021
.016
.918
-.129
.388
-.100
.504
-.183
.219
-.175
.245
-.192
.196
-.125
.401
-.152
.313
.084
.580
-.083
.583
-.282
.057
.030
.841
-.128
.400
-.005
.977
.182
.232
-.038
.802
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Table 4.4. Correlations of baseline measures to changes in self-reported pain in the a)
arm and b) whole-body. PPT = pressure pain threshold, PA = physical activity.
a)

Baseline Bicep PPT
Baseline Pain Summation
Conditioned Pain Modulation (change PPT at
biceps)
Tampa Scale for Kinesiophobia – 11
Pain Catastrophizing Scale
American College of Rheumatology Diagnostic
Criteria
Fibromyalgia Impact Questionnaire – Revised
Short Form-McGill Pain Questionnaire – PRI
Short Form-McGill Pain Questionnaire – VAS
PROMIS Fatigue
Body Mass Index
Total Fat Mass
Total Lean Mass
Visceral Adipose Tissue Volume
Right Arm Fat Mass
Right Arm Lean Mass
ActiGraph Sedentary Time
ActiGraph Light PA
ActiGraph Mod-Vig PA
PAAT Total Mod-Vig PA

r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value

Post
.003
.987
.027
.857
-.082
.590
.111
.456
-.174
.243
-.049
.742
.036
.808
-.003
.985
.085
.576
.032
.830
.072
.632
.061
.686
.141
.351
.137
.363
.150
.319
.225
.133
-.145
.342
.147
.335
.062
.688
.185
.212

∆ Exercising Arm Pain
Following Exercise
D1
.060
.719
.221
.176
-.217
.197
.108
.513
-.117
.479
.366
.022
.446
.004
.317
.049
.439
.006
.255
.118
-.003
.984
-.021
.898
.102
.540
-.049
.769
.174
.295
.266
.106
-.154
.355
.085
.612
.129
.439
.237
.146

D3
.161
.334
.113
.498
-.279
.099
.229
.167
-.138
.408
.420
.009
.375
.020
.285
.082
.375
.022
.231
.164
.090
.592
.074
.665
.115
.499
.109
.520
.175
.299
.236
.161
-.223
.186
.130
.444
.174
.303
.295
.072
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b)

Baseline Bicep PPT
Baseline Pain Summation
Conditioned Pain Modulation (change PPT at
biceps)
Tampa Scale for Kinesiophobia – 11
Pain Catastrophizing Scale
American College of Rheumatology Diagnostic
Criteria
Fibromyalgia Impact Questionnaire – Revised
Short Form-McGill Pain Questionnaire – PRI
Short Form-McGill Pain Questionnaire – VAS
PROMIS Fatigue
Body Mass Index
Total Fat Mass
Total Lean Mass
Visceral Adipose Tissue Volume
Right Arm Fat Mass
Right Arm Lean Mass
ActiGraph Sedentary Time
ActiGraph Light PA
ActiGraph Mod-Vig PA
PAAT Total Mod-Vig PA

r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value
r
p-value

Post
-.231
.119
-.019
.900
-.069
.652
.181
.224
.085
.572
-.028
.854
.128
.392
.099
.509
-.007
.965
.243
.100
-.007
.965
-.096
.525
.151
.316
.003
.985
-.150
.320
.014
.924
-.033
.831
-.024
.876
.068
.659
.242
.101

∆ Whole-Body Pain
Following Exercise
D1
-.077
.642
.212
.194
.063
.712
.203
.215
.042
.799
.189
.249
.055
.738
-.066
.690
-.049
.771
.115
.487
-.018
.915
.052
.757
-.146
.380
.117
.483
-.049
.769
-.191
.250
.146
.382
-.228
.169
.018
.916
.256
.116

D3
-.002
.989
.039
.821
-.023
.895
.191
.257
.044
.796
.115
.498
.050
.769
.025
.883
.091
.599
.134
.429
.022
.898
.038
.824
-.072
.678
.070
.684
.015
.930
-.085
.623
.020
.906
.010
.956
-.036
.834
.224
.183

4.6 Discussion
This cohort of people with fibromyalgia did not experience changes in pressure
pain thresholds in the exercising muscle immediately following exercise and the change
was not dependent on contraction type. Statistically significant changes in reported arm
and whole-body pain occurred immediately after and through the 3-day period following
however, clinically relevant changes in perceived pain only occurred with self-reported
arm pain. Changes in reported arm and whole-body pain occurred following submaximal
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exercise were not dependent on contraction type. Baseline clinical features of patient
reported pain and function, pressure pain sensitivity, pain summation and inhibition,
physical activity, and body composition did not relate to changes in pressure pain
sensitivity immediately following exercise or with self-reported pain locally in the
exercising limb and widespread body pain through the 3-day period following
submaximal exercise. People with fibromyalgia may experience similar acute changes in
pain following bouts of isometric and concentric based exercise matched for intensity
and duration as both contraction types lead to increases in pain locally in the exercising
muscle but not widespread pain. Due to heterogeneity in the response to exercise and
lack of clinical correlates, each patient with fibromyalgia should be evaluated during the
recovery phase following novel bouts of exercise to determine the pain response for
each individual patient.
The strength of this study is that our sample consists of people with fibromyalgia
which contrasts with prior work which has found biopsychosocial phenotypes that
predicted the acute pain response to exercise in healthy populations. This cohort of
fibromyalgia participants were of similar age, symptom severity (ACR), and functional
impact (FIQR) as prior clinical studies (Bennett et al., 2009; Hauser et al., 2011; Walitt et
al., 2015), and were classified as overweight to obese based on BMI. These participants
with fibromyalgia had elevated biopsychosocial factors of kinesiophobia and
catastrophizing that had limited relation to the pain response following a single bout of
exercise. Additionally, baseline measures of clinical pain (SF-MPQ, arm and whole-body
pain VAS), perceived fatigue (PROMIS Fatigue, arm and whole-body fatigue VAS), and
pressure pain sensitivity (Biceps PPT) captured in this study were consistent at the start
of each session, demonstrating stability of clinical symptoms through study participation.
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Both experimental and clinical assessments were used to study the pain
response following exercise that included immediate changes in PPTs and self-reported
changes in arm and whole-body pain immediately and up to three days following the
exercise tasks. With experimental pain there was no significant change in biceps PPT
when evaluating the mean response of the group which was not dependent on
contraction type however, there was a broad range of hyper- and hypoalgesia among
individual participants. Highlighting the importance of considering the individual
variability that occurs with the change in PPT following exercise in people with
fibromyalgia rather than basing clinical decisions on group data. Despite the range of
changes in biceps PPT, baseline measures of clinical pain, perceived fatigue,
psychosocial assessments, experimental pain, physical activity, and body composition
did not correlate to these changes. The lack of correlation provides clinically relevant
insight into the potential that the acute change in pressure pain pressure pain threshold
of an exercising muscle may not depend on baseline characteristics.
Changes in self-reported arm and whole-body pain were statistically significant
immediately after and through the three-day period following exercise while these
changes were not dependent on contraction type. The changes in reported arm pain
reached the minimal clinically important change (≥ 2-point change) (Dworkin et al., 2008)
while the changes in whole-body pain did not. Like changes in biceps PPT, there was
considerable variation in the change in arm- and whole-body pain immediately after and
through the three-day period following exercise. The change in reported arm pain
following exercise was not related to baseline fatigue, experimental pain, physical
activity, or body composition. Of baseline clinical pain measures, only the FIQR total
score demonstrated correlations to changes in arm pain following exercise. Moderate
correlations of baseline FIQR to the change in arm pain during recovery days one and
three may be attributable to the functional nature of the FIQR in which people are
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queried beyond symptom severity and about their level of difficulty in performing
functional tasks. To our knowledge this is the first study to look into this correlation,
suggesting people with fibromyalgia with greater functional deficits are more likely to
experience a local exercise-induced increase pain during recovery. The FIQR may be a
useful pre-exercise assessment tool to identify people with reduced tolerance to exercise
as these people may require concurrent assessment and management of exercising
muscle pain.
In contrast to changes in reported arm pain, the mean increase in self-reported
whole-body pain did not reach clinical significance during any of the follow up
assessments. Despite notable variation in change of whole-body pain following exercise,
these changes were not related to baseline clinical pain, fatigue, experimental pain,
physical activity, or body composition. A single bout of exercise will likely not influence
systemic widespread pain experienced by people with fibromyalgia. Similar to
experimental pain, the clinical interpretation of mean changes in self-reported arm and
whole-body pain may lead to a limited approach in the management of pain following
exercise as considerable variation occurs with the pain response following exercise in
people with fibromyalgia.
The results of this study are in contrast to prior work in healthy adults suggesting
a variety of biopsychosocial factors relate to the acute pain response following exercise
such as conditioned pain modulation (Alsouhibani et al., 2019; Ellingson et al., 2014;
Lemley et al., 2015a), pain catastrophizing (Brellenthin et al., 2017; Naugle et al., 2014b;
Weissman-Fogel et al., 2008b) and fear of pain (Horn et al., 2014), baseline physical
activity (Naugle et al., 2017; Naugle & Riley, 2014b; Ohlman et al., 2018), and body
composition (Awali et al., 2018; Stolzman et al., 2015). Our results are less clear in
people with fibromyalgia as only the FIQR provided some insight into the experience of
exercising limb pain during the three-day period following exercise. The results of this
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study are generalizable to those with fibromyalgia as our community dwelling clinical
population was of similar age, symptom severity, functional impact, and body mass to
those commonly diagnosed with fibromyalgia. These results highlight the need for further
research investigating the influencing factors of the heterogeneous acute pain response
following a single bout of exercise.
Due to lack of correlations we were unable to progress towards
subgroup/phenotype identification based on biopsychosocial characteristics commonly
seen in people with fibromyalgia. These baseline characteristics do not consistently
provide valuable insight on how the pain of a person with fibromyalgia may change
following performance of exercise despite the potential for increases and decreases in
pain sensitivity and reported pain. This limitation highlights the need of an individualized
approach where routine follow up pain assessment is required when initiating novel
exercise in people with fibromyalgia. Routine assessment of the pain response to
exercise may encourage exercise progression in those who do not experience pain
exacerbation, while those with pain exacerbation may benefit from an active approach
where concurrent management of local pain symptoms in the exercising limb is required
to improve exercise tolerance. An individualized approach that includes patient
education of the local pain response following exercise, adjunct pain management
techniques that address movement-evoked pain (Cheung et al., 2003; Dailey et al.,
2013; Dailey et al., 2020), and/or exercise prescription that alternates body regions to
lessen the local pain response may allow for improved exercise tolerance. Improved
exercise tolerance may facilitate progression of exercise training and beneficial effects of
improved pain and quality of life (Bidonde et al., 2014b; Brosseau et al., 2008; Busch et
al., 2013b).
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Limitations
This study design included follow-up assessment up to three days following a
bout of exercise. Assessment beyond the three-day period may have provided greater
detail of the temporal aspect of the post-exercise pain experienced by those with
fibromyalgia. Additional follow up assessments of PPT at day one and three following
exercise may have provided insight of changes in experimental pain sensitivity beyond
the acute phase immediately after exercise. Lastly, we did not evaluate the change in
function with associated changes in pain following exercise. This would provide greater
detail to the daily functional impact of post-exercise pain in people with fibromyalgia.
4.7 Conclusion
Mean changes in pressure pain sensitivity and reported pain following exercise in
a cohort of people with fibromyalgia are not representative of the heterogeneity that
occurs on an individual basis. Variation in the change in pain following submaximal
exercise in fibromyalgia is not related to baseline constructs of perceived pain and
fatigue, experimental pain sensitivity, psychosocial influences, physical activity, and
body composition. Exercise prescription in fibromyalgia should be accompanied by
recurrent pain assessment during the immediate and short-term recovery period
following exercise to improve exercise tolerance and progression of treatment.
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CHAPTER 5: ECCENTRIC EXERCISE IN FIBROMYALGIA: RETHINKING EXERCISE
PRESCRIPTION
5.1 Abstract
Purpose:
The acute pain and fatigue response to eccentric exercise has not been investigated in
fibromyalgia despite its common implementation with daily activity and exercise training.
This study determined the local and systemic effects of a single bout of submaximal
eccentric on experimental pain, performance fatigability, and perceived pain and fatigue
in middle-aged women with and without fibromyalgia.
Methods:
Eighteen women with fibromyalgia (49.1±11.8yr) and 18 control (49.5±10.1yr)
participants performed a submaximal bout of eccentric exercise for ten minutes with the
right elbow flexors. Assessments before and up to seven days following exercise
included; pressure pain thresholds (PPT) of the biceps and quadriceps, mechanical and
punctate pain summation, self-reported exercising arm and whole-body pain, and
maximal voluntary isometric contractions (MVIC) of the right elbow flexors and left
handgrip.
Results:
People with fibromyalgia report greater increases in perceived exercising arm pain
during (p < 0.001) and immediately following (p < 0.001) exercise while no change in
biceps or quadriceps PPT, mechanical and punctate summation, or perceived wholebody pain occurred in either group. Similar performance fatigability was observed
following exercise in both groups. The seven-day recovery of pain and fatigue following
submaximal eccentric exercise was similar between fibromyalgia and control.
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Conclusion:
People with fibromyalgia report a transient increase in pain and fatigue localized to the
exercising limb during and immediately following submaximal eccentric exercise with
similar recovery of pain and fatigue during the seven days following exercise.
Submaximal eccentric exercise may be implemented in fibromyalgia without influencing
chronic widespread pain and fatigue.
5.2 Introduction
Fibromyalgia is a chronic musculoskeletal disorder that disproportionally effects
older women and includes widespread pain and fatigue that limits daily function
(Queiroz, 2013; Walitt et al., 2015; Wolfe et al., 2013; Wolfe et al., 2016; Wolfe et al.,
1995). Despite guidelines recommending exercise training as a first-line intervention to
improve pain, fatigue, and function (Bidonde et al., 2017; Bidonde et al., 2019; Busch et
al., 2013b; Dowell et al., 2016b; Ericsson et al., 2016; Macfarlane et al., 2017; SosaReina et al., 2017), the clinical management of fibromyalgia with exercise has remained
difficult. People with fibromyalgia report exacerbation of pain and fatigue during and
following exercise participation (Andrade et al., 2018; Bachasson et al., 2013; Bidonde et
al., 2019; Busch et al., 2011; Häkkinen et al., 2000; Jacobsen et al., 1991; Jones &
Liptan, 2009), with muscle pain reported as the most common adverse effect of exercise
(Andrade et al., 2020). Exercise prescription has been based on limited evidence-based
literature. Expert opinion suggests a graduated approach starting at light intensity and
reducing exercise volume if symptoms increase during or after exercise (American
College of Sports Medicine Guidelines for Exercise Testing and Prescription, 2017;
Busch et al., 2013b; Gowans & deHueck, 2004). Despite the common utilization of
eccentric contractions with daily activity and traditional weight training, guidelines
recommend to limit the use of eccentric exercise to lessen the potential for delayed
onset muscle soreness (American College of Sports Medicine Guidelines for Exercise
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Testing and Prescription, 2017), which is characterized by muscle tenderness that starts
24 hours after exercise and peaks within 48-72 hours (Douglas et al., 2017b; Lewis et
al., 2012c; MacIntyre et al., 1995). In particular, people report increased pain with
movement which restricts activity (Cheung et al., 2003; MacIntyre et al., 1995).
Considering pain with exercise has been a barrier to exercise tolerance and compliance
in fibromyalgia (Busch et al., 2013b; da Cunha Ribeiro et al., 2018; Dobkin et al., 2005),
the use of eccentric exercise has not been investigated or considered a treatment option
despite the potential of eccentric exercise to promote muscle hypertrophy and improve
pain perception at lower metabolic cost compared to isometric and concentric
contractions (Douglas et al., 2017a, 2017b; Franchi et al., 2017; Hosseinzadeh et al.,
2013; Hosseinzadeh et al., 2015; Schoenfeld et al., 2017). Understanding the change in
pain sensitivity, performance fatigability, and perceived pain and fatigue following an
single bout of eccentric exercise will set a foundation for future investigation of eccentric
training as a modality to improve pain and function in people with fibromyalgia.
Current research indicates that changes in pain modulation in the central nervous
system contributes to the widespread pain seen in fibromyalgia (Sluka & Clauw, 2016;
Staud et al., 2007; Staud et al., 2009; Staud et al., 2014). Despite reports of increased
pain with exercise among people with fibromyalgia, there has been limited investigation
into the exercise-induced changes on experimental pain sensitivity (e.g., pressure pain
sensitivity and pain summation) following exercise. Prior research has investigated the
acute pain response following a single bout of isometric and concentric based exercise
in healthy adults (Koltyn et al., 2014; Naugle et al., 2012b; Vaegter et al., 2015a; Vaegter
et al., 2019) and in people with fibromyalgia (Ellingson et al., 2012b; Hoeger Bement et
al., 2011a; Vierck et al., 2001a). Healthy adults commonly experience reductions in
experimental pain sensitivity (i.e., exercise-induced hypoalgesia) locally in the exercising
limb and systemically at remote non-exercising body regions (Lemley et al., 2015a;
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Vaegter et al., 2014). The pain response following exercise is more variable in
fibromyalgia with prior studies showing increases and decreases in pain sensitivity
following a bout of isometric and concentric exercise (Ge et al., 2012; Hoeger Bement et
al., 2011a; Kosek et al., 1996; Lannersten & Kosek, 2010; Meeus et al., 2015; Rice et
al., 2019a; Staud et al., 2009; Staud et al., 2010; Vierck et al., 2001a). Prior research
from our laboratory has demonstrated submaximal isometric contractions performed in
people with fibromyalgia lead to increases, decreases, or no change in pain perception
to a noxious stimulus which paralleled changes in clinical pain (Hoeger Bement et al.,
2011a).
The experimental and clinical pain response to submaximal eccentric exercise in
people with fibromyalgia is unknown. Of the research investigating eccentric
contractions, most have examined the development and progression of delayed onset
muscle soreness in healthy populations (Douglas et al., 2017b; Hunter, 2017; Lewis et
al., 2012c; MacIntyre et al., 1995) or used maximal intensity eccentric contractions to
induce pain (Bishop et al., 2012; Bishop et al., 2011a; Bishop et al., 2011b; Frey Law et
al., 2008; George et al., 2007). Due to the potential for localized pain with eccentric
exercise, research is needed to determine whether eccentric exercise influences
systemic symptoms in fibromyalgia. Prior research has shown localized muscle pain
from isometric exercise to mediate central pain facilitation and widespread pain
sensitivity (Staud, 2010; Staud et al., 2005; Staud et al., 2010) however, the systemic
effects of eccentric contractions have not been investigated.
In addition to increased pain, people with fibromyalgia commonly report
heightened perceived fatigue at rest and with activity (Russell et al., 2018; Vincent et al.,
2013a; Wolfe et al., 1996). Due to the multifactorial nature of fatigue in fibromyalgia, it
has been recommended to investigate multiple dimensions of fatigue (Ericsson et al.,
2013) however, the majority of previous research has looked at changes in perceived
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fatigue with exercise training (Bidonde et al., 2014b; Bidonde et al., 2019; Ericsson et al.,
2016) and not performance fatigue (i.e. exercise-induced decrease in force production)
(Enoka & Duchateau, 2016). Also, there is limited evidence regarding the acute change
in perceived and performance fatigue following a single bout of exercise in fibromyalgia.
The available evidence indicates people with fibromyalgia experience greater perceived
fatigue and performance fatigability following a bout of exercise compared to controls
however, results from these studies may have been influenced by differences in baseline
strength and activity levels among fibromyalgia and control groups (Bachasson et al.,
2013; Jacobsen et al., 1991; Srikuea et al., 2013). Similar to pain, it is unknown whether
the local fatigue response with eccentric exercise (Douglas et al., 2017b; Lewis et al.,
2012c; MacIntyre et al., 1995) leads to performance fatigability in remote regions from
the exercising limb.
The purpose of this study was to determine the local and systemic effects of
single bout of submaximal eccentric muscle contractions on experimental pain and
performance fatigability in middle-aged women with and without fibromyalgia. We aimed
to identify whether following eccentric exercise, 1) people with fibromyalgia experience
greater pain sensitivity and performance fatigability compared to control participants
immediately and two days after eccentric exercise, 2) changes in experimental pain and
performance fatigability were localized to the exercising limb or evident systemically in
remote non-exercising body regions, and 3) people with fibromyalgia report greater
perceived pain and fatigue than control participants during the 7-day recovery period.
Participants with and without fibromyalgia were matched for age and sex. Measures of
body composition, physical activity, and strength were assessed to evaluate differences
between groups. Additionally, participants were predominately from an understudied
population of middle-aged women which allows for greater generalizability of results to
community dwelling older women and chronic pain populations.
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5.3 Methods
Participants
Eighteen female participants with a physician diagnosis of fibromyalgia (age:
49.1 ± 11.8, range: 30-71, BMI: 31.4 ± 7.6) and 18 female control participants (age: 49.5
± 10.1, range: 29-65, BMI: 27.1 ± 4.8) completed both sessions of this study. Exclusion
criteria included known orthopedic, cardiopulmonary, neurological, or unstable medical
conditions that would preclude performance of fatiguing exercise or experimental
techniques. All participants were screened with the Physical Activity Readiness
Questionnaire (ACSM, 2018) to confirm safety of engaging in physical activity.
Participants with fibromyalgia were encouraged to maintain their regular medical
management plan through the course of study participation and follow-up assessments.
Informed consent was acquired from all participants and the study protocol was
approved by the Marquette University Institutional Review Board (HR-3035) according to
principles of the Declaration of Helsinki.
Experimental Protocol
Participants completed two sessions, session one (Figure 5.1a) incorporated a
bout of eccentric exercise and baseline assessment of clinical pain and fatigue including
Pain Catastrophizing Scale (PCS) (Sullivan et al., 1995), Short-Form McGill Pain
Questionnaire (SF-MPQ) (Melzack, 1987), PROMIS Short Form v1.0 – Fatigue 7a
(PROMIS-Fatigue) (Ameringer et al., 2016; Lai et al., 2011), modified 2010 American
College of Rheumatology Diagnostic Criteria for Fibromyalgia (ACR) (Wolfe et al.,
2011b; Wolfe et al., 2010b), Revised Fibromyalgia Impact Questionnaire (FIQR)
(Burckhardt et al., 1991), and Tampa Scale for Kinesiophobia – 11 (TSK-11) (Woby et
al., 2005). Experimental pain was assessed before and immediately after exercise which
included pressure pain thresholds, and mechanical and punctate pain summation.
Performance fatigue was assessed as the change in right elbow flexor and left handgrip

132
strength before and immediately after exercise. Exercise-induced changes in right
biceps voluntary activation and muscle twitch properties, experimental pain, and
perceived pain and fatigue (right arm & whole-body) were assessed as the change
before to immediately after exercise. Each participant was issued an ActiGraph activity
monitor (ActiGraph wGT3X-BT, Pensacola, FL, USA) at the end of session one to
quantify physical activity for a seven-day period.
Session two (Figure 5.1b) occurred two days after session one and involved the
assessment of perceived pain and fatigue (right arm & whole-body), PROMIS-Fatigue,
ACR, FIQ-R, right elbow flexor and left handgrip strength (performance fatigue), right
biceps voluntary activation and muscle twitch properties, and experimental pain.
Additional assessments included self-reported moderate-to-vigorous physical activity
with the Physical Activity Assessment Tool (PAAT) (Meriwether et al., 2006) and body
composition with dual energy x-ray absorptiometry (DXA) (Hologic Horizon, Bedford,
MA, USA).
Self-reported pain and fatigue recovery was assessed during the seven-day
period following eccentric exercise (Figure 5.1c). Perceived pain and fatigue (right arm
and whole body) were reported with a numerical rating scale (NRS) (Farrar et al., 2001;
Turk et al., 1993) on days one, three, five, and seven.
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Figure 5.1. Design of experimental sessions, a) eccentric exercise (session 1), b)
performance fatigue and experimental pain on day 2 (session 2), and c) self-report
recovery assessments on day 1, 3, 5, 7.
2-min pressure device,

= PPTs at the biceps and quadriceps,

=

= monofilament summation at the biceps and quadriceps,

= right arm and whole-body pain and fatigue (NPRS), = arm pain (NRS) and RPE
during exercise, PCS = Pain Catastrophizing Scale, SF-MPQ = McGill Pain
Questionnaire – Short Form, PROMIS – Fatigue = PROMIS Short Form Fatigue 7a,
ACR = American College of Rheumatology Modified Diagnostic Criteria for Fibromyalgia,
FIQR = Fibromyalgia Impact Questionnaire – Revised, TSK-11 = Tampa Scale of
Kinesiophobia, MVIC = maximal voluntary isometric contraction, DXA = dual energy xray absorbtiometry, PAAT = Physical Activity Assessment Tool.
a)

b)

c)

Intermittent Eccentric Muscle Contractions
Submaximal intermittent eccentric muscle contractions were performed with the
right elbow flexors with participants seated in a Biodex System 4 Pro (Biodex Medical
Systems, Inc., Shirley, NY, USA) with the forearm placed in a modified forearm orthosis
attached to the dynamometer. Participants were positioned with 40º right shoulder
flexion, neutral forearm position, bilateral feet on a footrest to achieve 90º of hip and
knee flexion, and elbow range of motion from 120-50º of flexion. Eccentric contractions
were performed at constant intensity (20% of MVIC) and duty-cycle (2-s contraction: 1-s
relaxation) for ten minutes where a constant force was exerted by participants from 120º
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of elbow flexion to 50º while relaxed during the return to 120º. Each participant matched
a target force line indicating 20% of MVIC on a computer monitor placed 1-meter from
the participant and verbal encouragement was provided throughout the 10-mintue bout.
Immediately prior to the exercise bout, each participant was provided verbal instruction,
visual demonstration, and five practice repetitions to familiarize to performance of
eccentric contractions.
Performance Fatigability
Right Elbow Flexor Maximal Voluntary Isometric Contractions
Maximal force generating capacity of the right elbow flexors was assessed with
maximal voluntary isometric contractions (MVIC) with participants seated in a Biodex
System 4 Pro as indicated above however, the right elbow was fixed at 90º of right
elbow flexion. Biodex setup and participant positioning were maintained across MVIC
assessments. Participants contracted their right elbow flexors as strong as they could
and were provided verbal encouragement to build as much force as possible for 3-5
seconds with visual feedback of torque production on a computer screen placed 1-meter
from the participant. Analogue torque recordings from the dynamometer were recorded
online and digitized using a Biopac MP36R and AcqKnowledge 4 software (Biopac
Systems, Inc., Goleta, CA, USA). Participants performed two MVICs prior to,
immediately after, and two days following (session 2) eccentric exercise with a 1-minute
rest between MVICs. A load equivalent of 20% of MVIC at the pre-exercise assessment
was used to perform the eccentric exercise bout. The difference in MVIC from before
exercise to immediately after and during session two was calculated to determine
performance fatigability of the right elbow flexors.
Right Biceps Voluntary Activation and Twitch Properties
Additional MVICs were performed before, immediately after, and during session
2 with the interpolated stimulus technique (Gandevia, 2001) to evaluate the participants’
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ability to maximally activate the biceps brachii muscle (i.e., voluntary activation). The
technique incorporated superimposing an evoked contraction with electrical stimulation
over the biceps brachii during performance of a MVIC and a subsequent stimulation was
provided 3 seconds following the contraction. A paired stimulus was provided by a
constant-current stimulator (Digitimer DS7R, Welwyn Garden City, UK) to the right
biceps brachii via surface electrodes [30 x 22mm] (Ambu Neuroline 715, Columbia, MD,
USA). Intensity of paired stimulations was increased by 50 mA until a force plateau was
reached and no additional increase in evoked force was achieved with two consecutive
stimulations. The stimulation intensity was further increased by 20% to provide
supramaximal stimulations during the torque plateau of the MVIC (superimposed twitch)
and subsequently while the muscle was relaxed approximately 3 seconds following the
MVIC (potentiated twitch). Voluntary activation was quantified as a percentage with the
following formula, [(1 − superimposed twitch/potentiated twitch) × 100], where the
increase in elbow flexor torque evoked by paired stimuli during MVIC (superimposed
twitch) was expressed as a fraction of the torque amplitude during stimulation of the
biceps muscle while at rest (potentiated twitch) (Gandevia, 2001). The change in
voluntary activation immediately after and two days following exercise indicates the
contribution of central fatigue to the exercise-induced change in force production (Carroll
et al., 2017; Gandevia, 2001). The potentiated twitch was further analyzed for peak
torque amplitude and half-relaxation time to evaluate the contribution of peripheral
(contractile muscle) function to force development (Carroll et al., 2017; Kufel et al., 2002;
Millet et al., 2011). Reductions in potentiated twitch peak torque has been associated
with fatigue induced by metabolic byproduct accumulation (Debold et al., 2016) while
half-relaxation time associated with slowing of cross-bridge detachment rates
(Westerblad et al., 1998). Changes in potentiated twitch amplitude and half-relaxation
time immediately after and two days following exercise indicate the contribution of
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peripheral fatigue to the change in force production (Carroll et al., 2017; Fitts, 2003;
Gandevia, 2001; Kufel et al., 2002; Millet et al., 2011; Vollestad, 1997).
Left Handgrip Maximal Voluntary Isometric Contraction
Maximal left handgrip force generating capacity was assessed with MVICs using
a handgrip dynamometer (JAMAR Hydraulic Hand Dynamometer, Sammons Preston,
Bolingbrook, IL, USA) before, after, and two days following (session 2) eccentric
exercise to evaluate performance fatigue in a non-exercising muscle. Left handgrip
MVIC was performed with 90° elbow flexion, and neutral position of the shoulder,
forearm, and wrist. Participants were verbally encouraged to “squeeze” as strong as
possible for 3-5 seconds. The difference in handgrip MVIC from before exercise to after,
and during session two was calculated to determine the systemic performance fatigue.
Experimental Pain
Computerized Pressure Algometry: Biceps and Quadriceps
Pressure pain thresholds (PPT) were measured with a pressure algometer
(Somedic Algometer Type II, Hörby, Sweden). A 1-cm2 rubber tip was applied locally at
the right biceps (exercising limb) and systemically at the right quadriceps using a ramp
protocol increasing pressure at a rate of 50 kPa/sec. The right biceps site was marked at
2/3 distance between the anterior border of the acromion process to the superior border
of the cubital fossa. The right quadriceps site was marked midway between the anterior
superior iliac spine and the mid-patella. Pressure pain thresholds were assessed with
participants seated upright in a Biodex System 4 Pro (Biodex Medical Systems, Inc.,
Shirley, New York, USA) with the upper extremity supported in 40° shoulder flexion and
10° elbow flexion, bilateral feet were placed on a footrest with hips and knees at 90°
flexion. Two trials were performed at each site and separated by a 10-second intertrial
interval. The average of two assessments was used for data analysis.
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Mechanical Pain Summation: Left Index Finger
Mechanical pain summation was assessed with a custom-made pressure pain
device (Romus, Inc, Milwaukee, WI, USA) (Hoeger Bement et al., 2011a; Hoeger
Bement et al., 2009). A weighted Lucite edge was placed on the middle phalanx of the
left index finger for 2-minutes. Participants reported pain ratings every 20-seconds using
a 0 to 10 numerical rating scale. Mechanical summation of pain during the constant
noxious stimulus was calculated as the difference from the last pain rating (120 seconds)
to the first (0 seconds). The equivalent of 1-kg mass was applied to the index finger of
control participants while a 0.75-kg mass was applied to participants with fibromyalgia.
The mass was reduced with fibromyalgia participants due to their increased pain
sensitivity and to facilitate completion of the two-minute application (Hoeger Bement et
al., 2011a).
Punctate Pain Summation: Right Biceps and Left Quadriceps
Punctate pain summation (Rolke et al., 2006) was assessed with von Frey
monofilaments (Baseline® Fold-Up Monofilaments, Fabrication Enterprises Inc., White
Plains, NY, USA). A series of monofilaments were applied perpendicularly to the skin for
1-second in ascending order (10g, 15g, 26g, 60g, 100g, 180g, 300g) to the right biceps
1-cm distal to the PPT site and left quadriceps midway between the anterior superior
iliac spine and the mid-patella. The lowest size monofilament to induce pain 5/10 was
selected for each participant to perform the punctate pain protocol. During the punctate
pain summation protocol, the chosen monofilament was applied perpendicularly to the
skin for a 1-second application (1st stimulus) and the participant provided a pain rating
with a 0-10 NRS. After a 10-second rest, a series of ten monofilament stimuli were
applied perpendicularly to the skin for 1-second with an interstimulus interval of 1second guided by a metronome and a pain rating was provided immediately after the
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10th stimulus. Summation of punctate pain was calculated as the difference between the
pain rating from 10th stimuli to the pain rating with 1-stimulus.
Perceived Pain, Exertion, and Fatigue
Arm Pain and Perceived Exertion During Exercise
During performance of the eccentric exercise task participants rated exercising
arm pain and perceived exertion upon initiation, every minute during, and at completion
of the 10-minute exercise task. Perceived pain was measured with a 0 to 10 numerical
rating scale (NRS) with anchors of 0 = no pain, 5 = moderate pain, and 10 = worst pain
(Farrar et al., 2001; Turk et al., 1993). A rating of perceived exertion was provided with
the modified Borg Rating of Perceived Exertion (RPE) scale with anchors of 0 = “nothing
at all” and 10 = “very very strong” (Borg, 1998).
Arm and Whole-Body Pain and Fatigue Before Exercise and Through Recovery
Self-reported pain and fatigue of the exercising arm and whole-body were rated
before, immediately after, one, two, three, five, and seven days following performance of
the 10-minute eccentric exercise bout with a 0 to 10 NRS with anchors of 0 = no
pain/fatigue, 5 = moderate pain/fatigue, and 10 = worst pain/fatigue (Farrar et al., 2001;
Turk et al., 1993). Participants were asked to rate arm and whole-body pain and fatigue
in reference to performing isolated right arm and whole-body movement to mimic
reaching for a cup from a cupboard and squatting to lift an object from the floor,
respectively.
Short-Form McGill Pain Questionnaire Through Recovery
In addition to assessment during session one and two, follow-up assessment of
pain quality was completed with the Short-Form McGill Pain Questionnaire (SF-MPQ)
Pain Rating Index (PRI) (Melzack, 1987) at one, three, five, and seven days following
exercise.
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Physical Activity and Body Composition
The Physical Activity Assessment Tool (PAAT) (Meriwether et al., 2006) was
completed by all participants to estimate self-reported physical activity and time spent in
moderate to vigorous physical activity was used for analysis. Activity monitors
(ActiGraph wGT3X-BT, Pensacola, FL, USA) were worn on the non-dominant wrist for
seven days to capture time spent in sedentary, light, and moderate to vigorous physical
activity. Participants completed daily logs to track sleep time, physical activity, and
activity monitor removal time. Data were analyzed using ActiLife software (ActiLife
Version 6, Pensacola, FL, USA). Combined use of daily logs and the Troiano algorithm
(Choi et al., 2012) were used to identify and remove non-wear and sleep time. Data
were analyzed from four validated days (wear time ≥ 10 hours) as extrapolation of four
days has been shown to represent a week’s time of physical activity (Migueles et al.,
2017). Percent of time spent in sedentary, light, and moderate to vigorous physical
activity were estimated using cut points based on Freedson’s algorithm (Freedson et al.,
1998; Rosenberger et al., 2013).
5.4 Statistical Analysis
Data were analyzed using IBM SPSS (Version 26, IBM, Armonk, NY, USA).
Normality was evaluated with Shapiro-Wilk test and linearity inspected via Q-Q plots.
Data are reported as mean ± SD in text and tables and displayed as mean ± SEM in
figures. Differences between means were tested as appropriate with paired-samples and
independent samples t-test. Changes in measures over time were analyzed with
repeated measures analysis of variance (ANOVA) and the Greenhouse-Geisser
adjustment was used when sphericity was not met. A P-value ≤ 0.05 was used to identify
statistical significance (repeated measures ANOVA and descriptive statistics) and a
more stringent alpha level was selected for post hoc analyses to minimize type I and II
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error (Garamszegi, 2006). All participants completed study assessments through
session two.
Performance Fatigability
Right Elbow Flexor & Left Handgrip Maximal Voluntary Isometric Contractions, Right
Biceps Voluntary Activation and Twitch Properties
Repeated measures ANOVA was used to compare the change in the variables
across time from pre-exercise through post-exercise assessments with group as a
between subject variable for the following variables: right elbow flexor MVIC, left
handgrip MVIC, right biceps voluntary activation, and twitch properties.
Experimental Pain
Computerized Pressure Algometry: Biceps and Quadriceps
Pressure pain thresholds were analyzed with a repeated measures ANOVA with
within subject factors of site (bicep vs quadricep) and time (pre-exercise, post-exercise,
session 2) and between subject factor of group.
Mechanical Pain Summation: Left Index Finger
Mechanical pain summation from the custom pressure pain device was analyzed
with a repeated measures ANOVA with within subject factors of time (pre-exercise, postexercise, session 2) and pain summation (repeated pain ratings with 2-min application)
and between subject factor of group.
Punctate Pain Summation: Right Biceps and Left Quadriceps
Punctate pain summation was analyzed with a repeated measures ANOVA with
within subject factors of site (bicep vs quadricep), time (pre-exercise, post-exercise,
session 2), and punctate summation (pain rating with 1-stimulus and 10-stimuli) with
between subject factor of group.
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Perceived Pain, Exertion, and Fatigue
Arm Pain and Perceived Exertion During Exercise
Arm pain and perceived exertion during exercise were analyzed with a repeated
measures ANOVA with within subject factors of time (assessment every minute during
exercise) and group as a between subject factor.
Arm and Whole-Body Pain and Fatigue Before Exercise and Through Recovery
Repeated measures ANOVA was used to compare the change in the selfreported arm and whole-body pain and fatigue across time from pre-exercise through
post-exercise assessments with group as a between subject variable. Analysis of arm
and whole-body pain and fatigue with movement through the seven-day period following
exercise was performed on 18 control and 16 fibromyalgia for arm symptoms and 18
control and 15 fibromyalgia for whole-body symptoms due to data not returned by
participants.
Short-Form McGill Pain Questionnaire Pain Rating Index
The change in the pain rating index total score was assessed with repeated
measures ANOVA with within subject factors of time from pre-exercise through the
seven-day period following exercise and group as a between subject factor. Analysis
was completed on 18 control and 16 fibromyalgia participants due to unreturned data.
Physical Activity and Body Composition
Descriptive analysis of physical activity and body composition was completed.
ActiGraph data from 17 participants in each group were analyzed as one control and
fibromyalgia participant did not achieve wear time necessary to complete analysis. Body
composition data was available for 18 control and 17 fibromyalgia as one fibromyalgia
participant refused performance of the DXA scan.
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5.5 Results
Participant Characteristics
Participant characteristics are listed in Table 5.1. Both groups were matched for
age (control: 49.5 ± 10.1; fibromyalgia: 49.1 ± 11.8) and all participants in each group
were female. Participants in each group had similar BMI with 12 control and 15
fibromyalgia participants classified as overweight or obese. Both groups had similar
body composition as measured by total lean mass, right arm lean mass, total fat mas
and right arm fat mass. Self-reported moderate-to-vigorous physical activity measured
with the PAAT and the percent of time spent in sedentary, light activity, and moderate-tovigorous physical activity measured with ActiGraph were similar among groups. The
fibromyalgia group reported elevated clinical pain compared to control as measured by
the SF-MPQ and greater interference on daily life due to pain measured by the PROMIS
Pain Interference 6b. The mean fibromyalgia symptom severity score was 16.9 ± 5.3 on
the 2010 ACR Diagnostic Criteria for Fibromyalgia with a disease impact of 49.2 ± 5.5 on
the FIQR. The fibromyalgia group reported greater fatigue compared to control on the
PROMIS Short Form Fatigue 7a. The fibromyalgia group reported greater fear of pain
and movement measured on the TSK-11 and greater pain catastrophizing with five
fibromyalgia participants reporting clinically relevant pain catastrophizing indicated by a
score greater than thirty (Sullivan et al., 1995).
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Table 5.1. Participant characteristics. Presented as mean ± SD. *p<0.02, **p<0.01,
***p<0.001. PAAT = Physical Activity Assessment Tool, ACR = American College of
Rheumatology.
Control

Fibromyalgia

18

18

49.5 ± 10.1

49.1 ± 11.8

18 F

18 F

Body Mass Index

27.1 ± 4.8

31.4 ± 7.6

Total Lean Mass (kg)

45.9 ± 5.9

48.2 ± 10.3

Right Arm Lean Mass (kg)

2.4 ± 0.5

2.6 ± 0.7

Total Fat Mass (kg)

27.0 ± 9.6

32.5 ± 11.6

Right Arm Fat Mass (kg)

1.7 ± 0.6

2.1 ± 0.8

392.5 ± 275.1

477.1 ± 875.0

% Time in Sedentary

31.6 ± 8.8

31.8 ± 11.1

% Time in Light Activity

48.9 ± 5.5

48.4 ± 9.0

% Time in Mod-Vig Activity

19.5 ± 8.4

19.8 ± 9.5

Session 1 Severity Scale

---

16.9 ± 5.3

Session 2 Severity Scale

---

17.2 ± 5.5

Session 1

---

49.2 ± 21.0

Session 2

---

47.1 ± 24.1

Session 1

12.8 ± 4.5

22.6 ± 5.5***

Session 2

11.9 ± 3.7

23.0 ± 5.8***

Pain Rating Index

0.4 ± 0.7

7.5 ± 4.8***

Visual Analogue Scale

0.1 ± 0.2

2.4 ± 1.3***

Present Pain Index

0.2 ± 0.4

1.4 ± 0.5***

Pain Catastrophizing Scale

5.1 ± 4.7

19.6 ± 14.1***

Tampa Scale of Kinesiophobia - 11

16.7 ± 3.3

26.4 ± 6.5***

Number of Participants
Age (yr)
Sex

PAAT Mod-Vig Activity (min/week)
ActiGraph

ACR Diagnostic Criteria for Fibromyalgia

Revised Fibromyalgia Impact Questionnaire

PROMIS Short Form Fatigue - 7a

McGill Pain Questionnaire – Short Form
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Performance Fatigability
Right Elbow Flexor Maximal Voluntary Isometric Contractions
Right elbow flexor MVIC (Table 5.2, Figure 5.2a) was not different among
groups prior to exercise (control: 33.4 ± 6.7 Nm, fibromyalgia: 32.8 ± 11.8 Nm, t(34) =
0.193, p = 0.848), immediately after exercise (control: 30.2 ± 6.8 Nm, fibromyalgia: 29.4
± 11.0 Nm, t(34) = 0.285, p = 0.777), or on day 2 (control: 33.4 ± 7.2 Nm, fibromyalgia:
29.5 ± 11.0 Nm, t(34) = 1.280, p = 0.209). Right elbow flexor MVIC decreased following
exercise (Time (pre-exercise to post-exercise to session 2): F(1.334,45.354) = 9.613, p =
0.001, ηp2 = 0.220) with a significant decline immediately after the exercise task (9.9%,
(t(35) = 7.239, p < 0.001) but not on day 2 (4.8% ,t(35) = 1.631, p = 0.112). The
fibromyalgia and control participants had similar local performance fatigue (Time x
Group: F(1.334,45.354) = 3.132, p = 0.072). While the change in elbow flexor MVIC was
not significant on day 2, the participants with fibromyalgia trended towards a reduction in
elbow flexor MVIC (9.9%, t(17) = 2.026, p = 0.059).
Left Handgrip Maximal Voluntary Isometric Contractions
Left handgrip MVIC (Table 5.2, Figure 5.2b) was not different among groups
prior to exercise (control: 25.6 ± 4.8 kg, fibromyalgia: 24.0 ± 6.4 kg, t(34) = 0.810, p =
0.424), immediately after exercise (control: 24.0 ± 5.2 kg, fibromyalgia: 22.0 ± 7.8 kg,
t(34) = 0.934, p = 0.357), or on day 2 (control: 25.4 ± 5.3 kg, fibromyalgia: 22.8 ± 6.9 kg,
t(34) = 1.294, p = 0.204). Left handgrip MVIC decreased following exercise (Time (preexercise to post-exercise to session 2): F(2,68) = 9.558, p < 0.001, ηp2 = 0.219) with a
significant decline immediately after the exercise task (7.1%, t(35) = 4.117, p < 0.001)
but not on day 2 (2.7%, t(35) = 1.563, p = 0.126). The fibromyalgia and control
participants had similar systemic performance fatigue (Time x Group: F(2,68) = 0.981, p
= 0.380).
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Figure 5.2. Performance fatigue immediately after and 2-days following exercise for a)
local at right elbow flexors (Nm) and b) systemic at left handgrip (kg). Significant effect of
Time with difference from baseline = *.
a) Right Elbow Flexor MVIC

b) Left Handgrip MVIC

Right Biceps Voluntary Activation and Muscle Twitch Properties
Participants with fibromyalgia had similar voluntary activation (Table 5.2) of the
right biceps compared to control prior to exercise (control: 94.6 ± 3.6%, fibromyalgia:
93.5 ± 3.3%, t(32) = 0.932, p = 0.363), immediately after exercise (control: 92.2 ± 6.5%,
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fibromyalgia: 93.5 ± 5.4%, t(31) = -0.627, p = 0.535), and during session two (control:
93.4 ± 4.8%, fibromyalgia: 94.0 ± 3.6%, t(33) = -0.430, p = 0.670). Voluntary activation
did not change following exercise (Time (pre-exercise to post-exercise to session 2):
F(2,60) = 0.985, p = 0.379) and the change was not different by group (Time x Group:
F(2,60) = 0.854, p = 0.431). Potentiated twitch amplitude (Table 5.2) was greater for
control at the pre-exercise assessment (control: 4.0 ± 1.2 Nm, fibromyalgia: 3.1 ± 0.8
Nm, t(32) = 2.712, p = 0.011) however, similar immediately post-exercise (control: 3.8 ±
1.2 Nm, fibromyalgia: 3.0 ± 0.7 Nm, t(32) = 2.430, p = 0.021) and during session two
(control: 4.0 ± 1.1 Nm, fibromyalgia: 3.3 ± 0.9 Nm, t(32) = 2.103, p = 0.043). Potentiated
twitch amplitude did not change following exercise (Time (pre-exercise to post-exercise
to session 2): F(2,62) = 1.651, p = 0.200) and the change following exercise was not
different by group (Time x Group: F(2,62) = 0.090, p = 0.914). Potentiated twitch halfrelaxation time (Table 5.2) was similar among groups prior to exercise (control: 51.4 ±
14.8ms, fibromyalgia: 43.4 ± 9.5ms, t(25.342) = 1.830, p = 0.079), immediately after
exercise (control: 46.8 ± 14.7ms, fibromyalgia: 43.9 ± 14.7ms, t(31) = 0.556, p = 0.582),
and during session two (control: 52.5 ± 11.3ms, fibromyalgia: 42.8 ± 13.3ms, t(31) =
2.275, p = 0.030). Potentiated twitch half-relaxation time did not change following
exercise (Time (pre-exercise to post-exercise to session 2): F(1.589,47.685) = 0.421, p =
0.613) nor was the change different by group (Time x Group: F(1.589,47.685) = 1.286, p
= 0.280).

Elbow Flexor MVIC
(Nm)
Elbow Flexor Voluntary Activation
(%)
Biceps Potentiated Twitch
Amplitude (Nm)
Potentiated Twitch HalfRelaxation Time (ms)
Handgrip MVIC
(kg)
PPT – Biceps
(kPa)
PPT – Quadriceps
(kPa)
Mechanical Pain Summation
(0-10)
Punctate Pain Summation at
Biceps (0-10)
Punctate Pain Summation at
Quadriceps (0-10)

Control
Post-Exercise
30.2 ± 6.8 Δ
92.2 ± 6.5
3.8 ± 1.2
46.8 ± 14.7
24.1 ± 5.2 Δ
266.9 ± 77.7
387.0 ± 115.9
6.5 ± 2.4
1.4 ± 1.3
1.8 ± 1.7

Pre-Exercise
33.4 ± 6.7
94.6 ± 3.6
4.0 ± 1.2
51.4 ± 14.8
25.6 ± 4.8
238.4 ± 95.0
413.0 ± 138.9
5.9 ± 2.4
0.9 ± 0.9
1.6 ± 2.0

6.4 ± 3.0
2.7 ± 1.8 ʎ
3.8 ± 2.1 ʎ

0.8 ± 1.0
1.2 ± 1.4

189.6 ± 107.1 ʎ

130.6 ± 66.7 ʎ

24.0 ± 6.4

43.4 ± 9.5

3.1 ± 0.8 ʎ

93.5 ± 3.3

32.8 ± 11.8

Pre-Exercise

5.8 ± 2.3

345.8 ± 126.4

235.3 ± 61.9

25.4 ± 5.3

52.5 ± 11.3

4.0 ± 1.1

93.4 ± 4.8

33.5 ± 7.2

Session 2

3.7 ± 1.3 ʎ

2.9 ± 1.4 ʎ

6.6 ± 2.5

186.2 ± 102.1 ʎ

129.1 ± 62.6 ʎ

22.0 ± 7.8 Δ

43.9 ± 14.7

3.0 ± 0.7

93.5 ± 5.4

29.4 ± 11.0 Δ

Fibromyalgia
Post-Exercise

3.0 ± 1.8 ʎ

2.4 ± 1.0 ʎ

5.8 ± 3.2

166.0 ± 83.0 ʎ

127.5 ± 54.7 ʎ

22.8 ± 6.9

42.8 ± 13.3

3.3 ± 0.9

94.0 ± 3.6

29.5 ± 11.0

Session 2
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Table 5.2. MVIC, twitch properties, and experimental pain prior to exercise, immediately
post-exercise, and on session 2. Data are reported as mean ± SD, ʎ = group difference,
Δ = significant from pre-exercise. PPT = pressure pain threshold, MVIC = maximal
voluntary isometric contraction.
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Experimental Pain
Computerized Pressure Algometry: Biceps and Quadriceps
Higher pressure pain thresholds were seen at the quadriceps (291.6 ± 148.5
kPa) compared to the biceps (196.8 ± 95.9 kPa) (Site: F(1,34) = 81.575, p < 0.001,
ηp2 = 0.706) and control had greater PPT compared to fibromyalgia at both sites (Site x
Group F(1,34) = 9.128, p = 0.005, ηp2 = 0.212) (Table 5.2, Figure 5.3). Post hoc
reveals greater PPT for control at the biceps (control: 264.1 ± 74.4 kPa, fibromyalgia:
129.6 ± 61.9 kPa, t(34) = 5.901, p < 0.001) and quadriceps (control: 390.5 ± 118.9 kPa,
fibromyalgia: 192.6 ± 102.7 kPa) t(34) = 5.346, p < 0.001). Pressure pain thresholds did
not change following exercise (Time (Pre-Post-Session2) F(1.610,54.749) = 2.537, p =
0.099); the change in PPT following exercise was different by group (Time x Group:
F(1.610,54.749) = 4.168, p = 0.028) however, post hoc analysis shows the change in
PPT was not significant immediately following exercise (control: -21.2 ± 50.5 kPa,
fibromyalgia: -2.5 ± 31.7 kPa, t(34) = -1.334, p = 0.191) or at session 2 (control: -41.3 ±
74.6 kPa, fibromyalgia: +5.3 ± 39.1 kPa, t(34) = -2.349, p = 0.03).
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Figure 5.3. Change in pressure pain thresholds (kPa) before to after exercise and during
session 2 a) locally at the exercising biceps and b) systemically at the quadriceps. PPT =
pressure pain threshold. Significant differences between groups = ʎ.
a)

b)

Mechanical Pain Summation: Left Index Finger
All participants experienced pain summation with application of the customized
pressure pain device (Summation (change in pain ratings): F(1.639,55.740) = 154.067, p
< 0.001, ηp2 = 0.819) and pain summation was not different among groups (Summation
(change in pain ratings) x Group F(1.639,55.740) = 0.381, p = 0.643). Pain summation
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with the pressure pain device did not change following exercise (Time (Pre-PostSession2) x Summation: F(4.433,150.731) = 1.815, p = 0.122) and the change was not
different by group (Time x Summation x Group: F(4.433,150.731) = 0.680, p = 0.622)
(Table 5.2, Figure 5.4).
Figure 5.4. Change in pain summation before to after exercise and during session 2.
Significant change in pain ratings (summation) = Σ.
a)

Punctate Pain Summation: Right Biceps and Left Quadriceps
Repeated application of monofilaments lead to pain summation (Summation
(change in pain ratings): F(1,34) = 123.674, p < 0.001, ηp2 = 0.784) with greater
summation occurring at the quadricep (Bicep: 1.9 ± 1.3, Quadricep 2.5 ± 1.8, Site x
Summation: F(1,34) = 11.213, p = 0.002, ηp2 = 0.248) and in fibromyalgia (control: 1.3 ±
1.2, fibromyalgia: 3.1 ± 1.2, Summation x Group: F(1,34) = 21.321, p < 0.001,
ηp2 = 0.385). (Table 5.2, Figure 5.5) Summation of pain changed following exercise
(Time (Pre-Post-Session2) x Summation: F(2,68) = 6.166, p = 0.003, ηp2 = 0.154)
however, post hoc analysis did not reveal a significant difference immediately after
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exercise (mean change: +0.2 ± 1.1, t(35) = -1.060, p = 0.296) or at session two (mean
change: -0.4 ± 1.1, t(35) = 2.309, p = 0.027).
Figure 5.5. Change in monofilament pain sensitivity at the a) biceps and b) quadriceps
before to after exercise and during session 2. Significant for summation = Σ, summation
x group = Ƶ. NPRS = numerical pain rating scale.
a)

b)

Perceived Pain, Exertion, and Fatigue
Arm Pain and Perceived Exertion During Exercise
During exercise, the fibromyalgia group reported greater mean arm pain intensity
compared to control (control: 0.03 ± 0.1, fibromyalgia: 3.3 ± 2.5, p < 0.001) (Table 5.3)
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that increased with time (Time (during exercise): F(2.295,78.034) = 16.787, p < 0.001,
ηp2 = 0.331); the fibromyalgia group (Time (during exercise) x Group: F(2.295,78.034)
= 16.300, p < 0.001, ηp2 = 0.324) had greater increases than control participants. Post
hoc analysis showed fibromyalgia participants reported greater increases in arm pain
intensity compared to control starting at minute 4 (p = 0.002) and minute 5 through 10 (p
≤ 0.001) of exercise (Figure 5.6a). The fibromyalgia group did report greater mean
intensity of perceived exertion compared to control (control: 1.7 ± 1.3, fibromyalgia: 3.2 ±
2.0, p = 0.012) (Table 5.3). Perceived exertion increased with exercise (Time (during
exercise): F(2.121,72.113) = 17.289, p < 0.001, ηp2 = 0.337) and the change in perceived
exertion was not different among groups (Time (during exercise) x Group:
F(2.121,72.113) = 2.202, p = 0.115) (Figure 5.6b).
Figure 5.6. Pain and Exertion During Eccentric Exercise, a) exercising arm pain (0-10
numerical rating scale) and b) rating of perceived exertion (modified Borg Scale).
Significant effect of Time (during exercise = ǂ), differences between groups = ʎ, Time x
Group = #, and change from baseline different among groups (post hoc) = *. NPRS =
numerical pain rating scale, RPE = rating of perceived exertion.
a) Arm Pain during Exercise:
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b) RPE during exercise:

Arm and Whole-Body Pain Before Exercise and Through Recovery
Self-reported arm pain relative to movement changed following exercise (Time
(Pre-Ex, Immediately Post-Ex, Day 1 through 7): F(3.758,120.248) = 11.100, p < 0.001,
ηp2 = 0.258) and the change in arm pain following exercise was different between groups
(Time (Pre-Ex, Immediately Post-Ex, Day 1 through 7) x Group: F(3.758,120.248)
= 8.382, p < 0.001, ηp2 = 0.208) (Table 5.3). Post hoc analysis reveals the fibromyalgia
group reported a greater increase in exercising arm pain immediately after exercise only
(control: +0.3 ± 0.6, fibromyalgia: +3.3 ± 2.4, t(19.470) = -5.224, p < 0.001); and not day
one through seven.
Self-reported whole-body pain relative to movement changed following exercise
(Time (Pre-Ex, Immediately Post-Ex, Day 1 through 7): F(3.664,113.587) = 4.633, p =
0.002, ηp2 = 0.130) with the change in whole-body pain following exercise different
between groups (Time (Pre-Ex, Immediately Post-Ex, Day 1 through 7) x Group:
F(3.664,113.587) = 4.842, p = 0.002, ηp2 = 0.135) (Table 5.3). Post hoc analysis reveals
the fibromyalgia group reported a greater increase in whole-body pain immediately after
exercise (control: 0.0 ± 0.0, fibromyalgia: +1.3 ± 1.8, t(17.0) = -3.274, p = 0.004), and on
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day seven (control: +0.1 ± 0.3, fibromyalgia: +1.1 ± 1.5, t(15.822) = -2.804, p = 0.013).
No change occurred from session one to session two for ACR Severity Score (t(17) = 0.371, p = 0.715) or FIQR (t(17) = 0.884, p = 0.389) in fibromyalgia (Table 5.1).
Arm and Whole-Body Fatigue Before Exercise and Through Recovery
Self-reported exercising arm fatigue relative to movement increased following
exercise (Time (Pre-Ex, Immediately Post-Ex, Day 1 through 7): F(3.529,112.928)
= 16.209, p < 0.001, ηp2 = 0.336) which was different between groups (Time (Pre-Ex,
Immediately Post-Ex, Day 1 through 7) x Group: F(3.529,112.928) = 3.204, p = 0.020,
ηp2 = 0.091) (Table 5.3). Post hoc analysis shows the fibromyalgia group reported a
greater increase in arm fatigue immediately following exercise only (control: +1.4 ± 1.9,
fibromyalgia: +3.6 ± 2.7, t(34) = -2.823, p = 0.008); and not day one through seven.
Self-reported whole-body fatigue relative to movement did not increase following
exercise (Time (Pre-Ex, Immediately Post-Ex, Day 1 through 7): F(3.398,105.347)
= 2.580, p = 0.050) and was similar between groups (Time (Pre-Ex, Immediately PostEx, Day 1 through 7) x Group: F(3.398,105.347) = 2.082, p = 0.099) (Table 5.3). No
change occurred with the PROMIS – Fatigue from session one to two for control (t(17) =
0.772, p = 0.451) or fibromyalgia (t(17) = -0.518, p = 0.611) (Table 5.1).
Short-Form McGill Pain Questionnaire Pain Rating Index
Pain quality measured with the SF-MPQ PRI increased following exercise (Time
(Pre-Ex, Immediately Post-Ex, Day 1 through 7): F(3.467,110.929) = 6.304, p < 0.001,
ηp2 = 0.165) and was different between groups (Time (Pre-Ex, Immediately Post-Ex, Day
1 through 7) x Group: F(3.467,110.929) = 5.901, p < 0.001, ηp2 = 0.156) (Table 5.3). The
fibromyalgia group reported greater increases in SF-MPQ PRI total score compared to
control immediately after exercise (control: +0.3 ± 1.0, fibromyalgia: +5.3 ± 4.4, t(16.447)
= -4.346, p < 0.001), on day 1 (control: +0.2 ± 1.3, fibromyalgia: +5.2 ± 7.1, t(15.883) = 2.797, p = 0.013), day 5 (control: +0.1 ± 0.9, fibromyalgia: +6.5 ± 7.2, t(15.395) = -3.570,
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p = 0.003), and day 7 (control: +0.0 ± 0.9, fibromyalgia: +6.1 ± 6.9, t(15.526) = -3.516, p
= 0.003). The fibromyalgia SF-MPQ PRI changes immediately after exercise, on day 1,
day 5, and day 7 achieved the minimal clinically important change of 5.0 (Strand et al.,
2008).

Pain Rating
(0-10 NRS)
Arm
Whole Body
Fatigue Rating
(0-10 NRS)
Arm
Whole-Body
SF-MPQ
PRI
(0-45)

Mean Arm Pain
During Exercise
(0-10 NRS)
Mean RPE
During Exercise
(0-10 modified
Borg)
PostExercise
0.3 (0.6)
0.0 (0.0)
1.4 (2.0)
0.3 (0.4)
0.8 (1.0)

PreExercise
0.0 (0.0)
0.0 (0.0)
0.1 (0.2)
0.2 (0.9)
0.4 (0.7)

0.6 (1.2)

0.1 (0.3)
0.2 (0.5)

0.1 (0.2)
0.2 (0.4)

Day 1

0.4 (0.6)

0.1 (0.2)
0.0 (0.0)

0.1 (0.2)
0.1 (0.2)

0.9 (1.4)

0.1 (0.3)
0.1 (0.3)

0.0 (0.1)
0.3 (0.7)

0.5 (0.9)

0.1 (0.2)
0.2 (0.4)

0.1 (0.2)
0.2 (0.4)

Day 5

0.4 (1.0)

0.1 (0.2)
0.1 (0.5)

0.0 (0.1)
0.1 (0.3)

Day 7

7.8 (4.8)

2.3 (2.7)
3.8 (2.8)

1.6 (1.9)
3.8 (2.8)

PreExercise

13.1 (8.2) #

5.9 (2.5) #
5.1 (2.8)

5.0 (3.1) #
5.2 (2.7) #

PostExercise

13.0 (9.8) #

3.2 (2.8)
4.8 (3.2)

2.8 (2.8)
3.9 (3.0)

Day 1

10.0 (8.8)

2.6 (2.7)
3.9 (3.1)

2.0 (2.7)
3.7 (2.6)

Day 2

3.2 (2.0) ʎ

1.7 (1.3)
Day 3

3.3 (2.5) ʎ

Day 2

Fibromyalgia

Control
0.0 (0.1)

11.4 (8.6)

3.0 (2.5)
4.4 (3.5)

2.6 (3.0)
4.2 (3.2)

Day 3

14.3 (9.9) #

3.6 (2.6)
5.3 (2.6)

2.9 (2.7)
5.2 (2.4)

Day 5

13.9 (10.1) #

3.3 (2.7)
5.0 (3.1)

3.0 (2.8)
4.8 (2.9) #

Day 7
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Table 5.3. Arm pain and perceived exertion during exercise and self-reported arm and
whole-body pain from pre-exercise through day 7 following exercise. Data are reported
as mean (SD), ʎ = group difference, time x group = #, Δ = significant from pre-exercise,
RPE = rating of perceived exertion, NRS = numerical rating scale, SF-MPQ = McGill
Pain Questionnaire – Short Form, PRI = pain rating index.
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5.6 Discussion
This study is the first to document the recovery response to isolated submaximal
eccentric exercise in fibromyalgia. In contrast to beliefs of limiting use of eccentric
contractions in fibromyalgia, women with fibromyalgia were able to perform submaximal
eccentric exercise with a transient increase in perceived pain and fatigue that was not
supported by changes in experimental pain and performance fatigue measures.
Additionally, people with fibromyalgia demonstrate a similar seven-day recovery of
perceived pain and fatigue to controls of similar age, sex, physical activity, and body
composition. The temporary increase in localized exercising limb pain ranged from
minimal to severe during and immediately following submaximal eccentric exercise did
not induce changes in widespread pain or fatigue immediately after eccentric exercise or
during the day 7 recovery. The reduction in muscle strength (i.e. performance fatigability)
immediately following eccentric exercise was similar to controls and not attributable to
performance decrements in the muscle or deficits in neuromuscular activation of the
biceps. Despite a greater magnitude of perceived pain and fatigue immediately following
exercise, people with fibromyalgia had a similar recovery response as controls. The local
pain and fatigue following submaximal eccentric exercise may be a diminished response
of the localized pain and fatigue that is commonly seen following a bout of maximal
eccentric exercise (Douglas et al., 2017b; MacIntyre et al., 1995) versus exacerbation of
clinical symptoms.
The temporary decrease in local and systemic muscle strength highlights the
ability of people with fibromyalgia to tolerate and recover from a bout of submaximal
eccentric exercise similar to controls. Local performance fatigability is expected following
a bout of eccentric exercise with most notable decreases in strength 2-3 days following
exercise (Cheung et al., 2003; MacIntyre et al., 1995). The lack of change in elbow
flexion strength two days following exercise would suggest that exercise-induced muscle
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damage following eccentric exercise may not have occurred with the submaximal
eccentric protocol. This was further supported by a lack of change in peripheral fatigue
mechanisms (i.e., potentiated twitch amplitude and half-relaxation time) in both groups.
Although the mechanisms of delayed onset muscle soreness following eccentric
exercise are not completely understood, prior studies have suggested the development
of localized tenderness, pain, and fatigue following maximal intensity eccentric exercise
may be attributable to a variety of exercise-induced stimuli relating to lactic acid, muscle
spasm, connective tissue damage, muscle damage, inflammation, and accumulation of
enzymes and metabolic by-products (Cheung et al., 2003; MacIntyre et al., 1995).
However, the symptoms and biological sequalae of submaximal eccentric exercise
would likely be less compared to maximal intensity eccentric exercise.
Systemic performance fatigue was evident by a change in left handgrip strength
immediately following exercise in people with and without fibromyalgia and may be
associated with central mechanisms of fatigue (Gandevia, 2001; Taylor & Gandevia,
2008). However, central neural drive to the biceps was maintained following exercise in
both groups as there was not a change in voluntary following exercise. The response to
intermittent eccentric exercise of low intensity and short duration contrasts evidence
demonstrating onset of central fatigue with maximal intensity exercise and low intensity
exercise performed to exhaustion (Carroll et al., 2017; Hunter, 2018; Taylor & Gandevia,
2008). The lack of change in voluntary activation may be associated with the time frame
in which the repeated assessment occurred following exercise (~6-min) as any change
in voluntary activation may have recovered following exercise (Carroll et al., 2017; Taylor
& Gandevia, 2008). Both groups reported similar increases in exertion during exercise
while only the fibromyalgia group reported increases in perceived pain, indicating
afferent feedback from the exercising muscle via group II and IV afferents occurred with
the exercise bout (Amann, 2012; Pollak et al., 2014), however an influence on motor
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drive (Amann & Dempsey, 2016; Gandevia, 2001; Laurin et al., 2015) was not evident. A
characteristic of eccentric contractions is that more strain is placed on passive noncontractile structures which may lead to reduced accumulation of fatigue metabolites
compared to isometric and concentric contractions which require greater metabolic
demand (Feher, 2017; Radák, 2018). The combination of reduced metabolic demand
and lack of exercise-induced muscle damage may provide insight to the limited effect of
submaximal eccentric exercise on motor function. Our results do not indicate whether
performance fatigue following submaximal eccentric exercise was mediated by
peripheral or central mechanisms of fatigue. These results in combination with the lack
of change in biceps strength at day two indicate submaximal eccentric contractions can
be performed without impairing central or peripheral motor function during the two-day
recovery from exercise in people with fibromyalgia.
Lack of change in experimental pain sensitivity (i.e., PPT, mechanical and
punctate summation) immediately following submaximal eccentric exercise contrasts
prior work demonstrating reduced pain thresholds and enhanced pain summation
following isometric exercise of maximal intensity or performance to exhaustion (Staud et
al., 2009; Staud et al., 2005; Vierck et al., 2001a). Limited evidence suggests a potential
role for abnormal inflammatory processes in the muscle that may promote widespread
pain in fibromyalgia (Conti et al., 2020; Mastrangelo et al., 2018; Ruggiero et al., 2018),
albeit submaximal intensity, the possible inflammatory response following submaximal
eccentric exercise (MacIntyre DL 2019; MacIntyre et al., 1995; Zuo et al., 2019) did not
invoke local or widespread pain sensitivity. This evidence provides support for the
utilization of submaximal eccentric exercise in fibromyalgia and is in line with clinical
guidelines suggesting to initiate with low intensity exercise to avoid exacerbation of pain
(Ambrose & Golightly, 2015; Bidonde et al., 2014b; Geneen et al., 2017; Palstam et al.,
2016). This finding is particularly important as cumulative effects of low intensity
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eccentric exercise have been shown to induce neuromuscular changes that promote
muscle hypertrophy and strength and reduce pain sensitivity (Hosseinzadeh et al., 2013;
Lavender & Nosaka, 2008; McHugh, 2003; Nosaka et al., 2001).
A strength of this study is that multiple forms of experimental pain were assessed
prior to and following exercise. Similar findings of the lack of change in local pain
sensitivity (PPT and punctate summation at the bicep) and widespread pain (PPT and
punctate summation at the quadriceps, mechanical summation of pain) in both groups
reinforces submaximal eccentric exercise can be performed despite increased peripheral
pain sensitivity (i.e., perceived muscle pain) which can enhance central pain facilitation
in fibromyalgia (Staud, 2010; Staud et al., 2001b; Vierck et al., 2001a). These findings
were corroborated with a lack of clinically meaningful change (>2-points) (Dworkin et al.,
2008) in whole-body pain during the 7-day recovery from a bout of eccentric exercise.
Findings of lack of change in experimental pain sensitivity following submaximal bouts of
eccentric exercise extends to the broader cohort of community dwelling middle-aged
women who are overweight. Much of the prior research investigating exercise-induced
changes in pain sensitivity has focused on young and old healthy adults (Dannecker &
Koltyn, 2014; Koltyn et al., 2014; Naugle et al., 2012b; Naugle et al., 2016; Naugle et al.,
2017; Rice et al., 2019a) while fibromyalgia and many other chronic pain conditions are
highly prevalent in middle-aged women (Dahlhamer et al., 2018).
People with fibromyalgia reported greater increases in exercising arm pain during
exercise compared to control while both groups experienced similar increases in
perceived exertion. The increase in perceived pain from eccentric exercise in
fibromyalgia suggests a general increase in sensitivity to locally induced changes within
the exercising muscle. Prior research suggests low concentrations of fatigue metabolites
(i.e., H+, ATP, lactate) induce perceptions of fatigue in healthy adults while higher
concentrations induce perceptions of pain (Pollak et al., 2014). Increased peripheral
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sensitivity in fibromyalgia may lead to perceptions of pain at low concentrations of
fatigue metabolites during exercise. However, the lack of change in motor drive would
suggest peripheral fatigue metabolites may not have has such influence. The pain
experienced during eccentric contractions in people with fibromyalgia may be explained
by the increased strain on non-contractile passive structures (i.e. muscle connective
tissue) (Douglas et al., 2017b; Franchi et al., 2017) which house and are innervated by
muscle free nerve endings (Mense, 2010; Messlinger, 1996; Queme et al., 2017).
Reduced thresholds of muscle free nerve endings may have contributed to heighted
perceptions of pain with exercise and was supported by evidence of elevated
mechanical sensitivity with PPT and punctate summation. Unmatched findings between
increased perceived pain and lack of change in experimental pain immediately following
exercise may be attributable to different sensory processing of cutaneous pain via
experimental pain techniques and endogenously provoked muscle pain experienced with
exercise (Arendt-Nielsen & Yarnitsky, 2009). Pain amplification during and immediately
following exercise may be due to group III and IV muscle afferents detecting lower
frequency activity and being more effective at provoking central sensitization than their
cutaneous counterparts (Mense, 2008; Ross et al., 2018). Therefore, simultaneous
assessment of perceived and experimental pain when evaluating changes with exercise
is warranted.
Despite elevated clinical symptoms of pain and fatigue at baseline in
fibromyalgia, the change in perceived pain and fatigue following submaximal eccentric
exercise contrasted anecdotal reports of elevated widespread pain and fatigue in the
days following exercise. Although a greater magnitude of change in the fibromyalgia
group, the local pain response of minimal to moderate pain was evident during and
immediately after exercise in both groups and may be considered symptoms of postexercise muscle pain and soreness (Douglas et al., 2017b; MacIntyre et al., 1995) rather
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than changes in clinical symptoms. This was supported by a lack of clinically important
change in whole-body pain during the seven-day recovery period and a lack of change
with the ACR severity score and FIQR total score from session one to two in
fibromyalgia. This was contrasted by increased severity of pain descriptors measured by
the SF-MPQ PRI. However, the direct influence of submaximal eccentric exercise on
pain quality is questionable due to the lack of change in whole-body pain and fatigue,
ACR severity, and FIQR total score. Similar to the response in self-reported pain,
perceived fatigue was localized to the exercising limb and the reduced metabolic
requirement of eccentric contractions did not exacerbate clinical symptoms of wholebody fatigue which was supported by no change in the PROMIS Fatigue score from
session one to two. These findings are promising as submaximal eccentric exercise did
not induce an extended recovery of widespread pain and fatigue in fibromyalgia.
This research holds relevant clinical implications as submaximal eccentric
contractions are not only performed with exercise training but with daily activity such
lowering objects with the upper extremities and descending stairs with the lower
extremities. This evidence contrasts prior clinical guidelines which recommend limiting
eccentric exercise in people with fibromyalgia due to heightened pain sensitivity and
local inflammation following maximal intensity eccentric exercise (Conti et al., 2020;
Mastrangelo et al., 2018; Oaklander et al., 2013; Ruggiero et al., 2018; Sluka & Clauw,
2016; Staud, 2009). We show people with fibromyalgia can tolerate submaximal
eccentric exercise with a transient increase in local pain and fatigue that does not
influence widespread clinical symptoms or strength. Exercise prescribing clinicians must
be aware of the transient increase in moderate to severe pain with a low dose of
eccentric exercise and concurrent management of pain with activity must be addressed
with appropriate modalities such as TENS, which has shown to reduce movement
evoked pain (Dailey et al., 2013; Dailey et al., 2020). Similar to other studies using
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eccentric exercise in clinical populations, a graded approach of increasing intensity of
eccentric exercise may promote muscle hypertrophy while mitigating delayed onset
muscle soreness (Dibble et al., 2006; Gerber et al., 2007; Lastayo et al., 2010;
Silbernagel et al., 2007). Further research into the recovery of pain and fatigue following
repeated bouts of progressive exercise intensity is required to identify the tolerance to
eccentric training.
This study provides a foundation for the use of eccentric contractions in people
with fibromyalgia. Eccentric contractions have historically been avoided in people with
chronic pain due to the potential for delayed onset muscle soreness. This antiquated
viewpoint has been upended as these results show that people with fibromyalgia have
similar recovery as people without fibromyalgia following performance of a submaximal
bout of eccentric exercise. Submaximal eccentric exercise holds significant clinical value
as it promotes greater muscle hypertrophy with reduced metabolic cost and perceived
exertion compared to isometric and concentric contractions. Eccentric exercise may
provide great clinical benefit to those with fibromyalgia as repeated bouts of low-intensity
eccentric exercise have led to reductions in pain sensitivity (Hosseinzadeh et al., 2013;
Hosseinzadeh et al., 2015) and improved tolerance to lengthening contractions during
exercise and with daily activity (Chen et al., 2018a; Chen et al., 2018b; McHugh et al.,
1999; Nosaka et al., 2001) in healthy populations.
5.7 Conclusion
People with fibromyalgia tolerate submaximal eccentric exercise with a transient
increase in localized pain and fatigue in the exercising limb and demonstrate a similar
recovery of pain and fatigue during the seven days following a bout of eccentric exercise
compared to control. The acute, transient response of local pain and fatigue does not
negatively influence systemic pain sensitivity, strength, or clinical symptoms of perceived
pain and fatigue in people with and without fibromyalgia. The reduction in strength
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following exercise was not specific to fibromyalgia nor attributable to changes in central
or peripheral fatigue.
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CHAPTER 6: DISCUSSION, CLINICAL IMPLICATIONS, AND CONCLUSION
The purpose of this dissertation was to determine the immediate and multipleday recovery in pain and fatigue following submaximal bouts of isometric, concentric,
and eccentric exercise in people with fibromyalgia compared to control participants of
similar age, sex, body composition, and physical activity. A comprehensive approach
was taken to investigate changes in experimental pain, muscle strength, and perceived
pain and fatigue locally in the exercising limb and systemically in remote, non-exercising
body regions. The studies of this dissertation provide an overarching theme that
changes in pain and fatigue primarily occur locally in the exercising limb during and
immediately after a submaximal bout of isometric, concentric and eccentric exercise and
up to three days following isometric or concentric exercise. Submaximal exercise did not
lead to clinically relevant changes in whole-body pain and fatigue. Despite increases in
perceived pain during and following exercise, neither contraction type lead to deleterious
changes in experimental pain sensitivity. In respect to fatigue, people with fibromyalgia
did experience greater performance fatigability in the exercising limb following isometric
and concentric contractions however, similar changes occurred following eccentric
contractions. This chapter provides a summary of the key findings of this dissertation,
clinical implications associated with these data, and future directions to advance the
knowledge of exercise prescription in fibromyalgia.
6.1 Contraction Type and Experimental Pain Immediately Following Exercise
The cohort of people with fibromyalgia in this dissertation were like cohorts in
prior studies investigating endogenous pain modulation as they had increased pressure
pain sensitivity (i.e., lower PPTs) and augmented summation of pain. In contrast to prior
research demonstrating exercise-induced hypoalgesia in healthy young adults (Hoeger
Bement & Sluka, 2016; Naugle et al., 2012b; Polaski et al., 2019; Rice et al., 2019a;

166
Sluka et al., 2018; Wewege & Jones, 2020), we show middle-aged people with and
without fibromyalgia did not experience exercise-induced hypoalgesia following
submaximal exercise regardless of contraction type. Exercise intensity has been shown
to effect the magnitude of exercise-induced hypoalgesia in healthy populations as
greater exercise intensity promotes greater exercise-induced hypoalgesia (Hoeger
Bement et al., 2008; Hoffman et al., 2004; Koltyn, 2002b). A lower dose (low intensity,
short duration) of exercise was chosen for these exercise protocols to be in line with
clinical recommendations and to avoid exacerbation of pain which has been shown to
occur following performance of maximal intensity isometric exercise in fibromyalgia
(Kadetoff & Kosek, 2007; Kosek et al., 1996; Staud et al., 2005; Vierck et al., 2001a).
While exercise-induced hypoalgesia was not achieved, detrimental changes in
experimental pain sensitivity did not occur locally in the exercising limb or systemically
following submaximal isometric, concentric, or eccentric based exercise. This research is
the first to show a slight reduction in pain summation immediately following exercise
(isometric & concentric) in people with and without fibromyalgia.
As a group, the fibromyalgia and control participants demonstrated pain inhibition
during the conditioned pain modulation protocol as pain assessed remotely from the
noxious ice water bath was reduced (chapter 4). Prior research in healthy adults
demonstrates those with greater conditioned pain modulation (i.e., central pain inhibition)
are more likely to experience exercise-induced decreases in pain to noxious stimuli
(Alsouhibani et al., 2019; Ellingson et al., 2014; Lemley et al., 2015a). Baseline pain
inhibition did not relate to the magnitude of exercise-induced hypoalgesia despite each
exercise task inducing moderate intensity pain. Psychophysical research would suggest
a painful conditioning stimulus (i.e., exercise) is required to achieve endogenous pain
inhibition (Granot et al., 2008) and the magnitude of CPM does not increase once the
conditioning stimulus is of moderate intensity (Nir et al., 2011). Moderate intensity pain
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was reported during isometric and concentric exercise in people with fibromyalgia and
minimal to moderate in control participants, however exercise-induced hypoalgesia was
not observed in either group. Pain inducing, submaximal exercise does not appear to
activate central descending inhibition in middle-aged cohorts with and without
fibromyalgia. Additionally, the magnitude of exercise-induced hypoalgesia was not
different according to contraction type despite concentric exercise leading to the greatest
pain and eccentric the lowest reported pain during the respective contractions. The
phenomenon of exercise-induced hypoalgesia is intriguing as a therapeutic modality in
the management of pain, although it may not be attainable in all people with
performance of submaximal exercise. Further research is warranted to confirm the
influence of exercise intensity on exercise-induced hypoalgesia and determine whether
frequency influences the exercise-induced hypoalgesia response as multiple bouts of
exercise may be required to lead to physiological and/or neuroplastic changes in pain
modulation in middle-aged people with and without fibromyalgia.
The lack of exercise-induced hypoalgesia in fibromyalgia has commonly been
attributed to altered pain modulation. Alternatively, this research suggests that middleaged people with and without fibromyalgia may not experience exercise-induced
hypoalgesia following submaximal exercise. Both groups demonstrated variation in the
exercises-induced pain response with some experiencing increases and others
decreases in pain sensitivity. Prognostic information of the variable pain response to
exercise would hold great value in optimizing exercise prescription, however neither
baseline pain sensitivity (pain threshold, conditioned pain modulation, and pain
summation) nor psychosocial factors (catastrophizing, kinesiophobia) were related to the
pain response following submaximal exercise. This result highlights that people with
higher symptom severity of fibromyalgia may have similar changes in pain acutely after a
single bout of exercise as those with less severity. Thus, exercise prescribing providers
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need to be cognizant that someone with fibromyalgia of any symptom severity may
experience greater exercising arm pain following exercise hyperalgesia during and
following exercise. Therefore, concurrent management of exercise evoked pain, such as
the implementation of transcutaneous electrical nerve stimulation (Dailey et al., 2013;
Dailey et al., 2020), should be incorporated with exercise prescription.
Our groups were of similar age, physical activity, and body composition which
strengthens the generalizability of these results and presents empirical evidence of the
exercise-induced pain response in a cohort of mostly women who are middle-aged and
overweight to obese. The response in our control cohort provides a more appropriate
comparison as multiple chronic pain conditions have been shown to be more prevalent
in middle-aged women (Dahlhamer et al., 2018) while much of the prior literature has
focused on the exercise-induced response in healthy young and old adults which may be
influenced by baseline physical activity and body composition. Middle-aged women may
represent a unique cohort that modulates pain and responds to exercise in a particular
fashion that is different from more commonly studied groups such as younger and older
adults, and males. Further investigation into the influences of pain sensitivity and the
response to exercise in this cohort is required, especially given the similar outcomes to
the chronic pain population of fibromyalgia.
6.2 Contraction Type and Performance Fatigue Following Exercise
In contrast to experimental pain, changes in strength occurred locally in the
exercising muscle and systemically in the contralateral hand in both groups immediately
following each exercise type. Greater local performance fatigability occurred in people
with fibromyalgia compared to control participants immediately following isometric and
concentric exercise. Group differences in local performance fatigue from study one
(chapter 2) encouraged investigation into the multi-day fatigue response following
eccentric exercise. In contrast to isometric and concentric contractions, submaximal
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eccentric exercise led to similar performance fatigability of the elbow flexors between
fibromyalgia and control participants immediately following eccentric contractions while
no significant change in strength occurred two days later in either group.
The exact mechanisms contributing to greater local performance fatigue following
isometric and concentric exercise were not directly investigated, but one potential factor
is the metabolic differences for each contraction type. The greater metabolic demand
associated with repeated concentric and isometric contractions leads to the production
of metabolic by-products which increase feedback from group III and IV nerve fibers. In
this research, greater accumulation of fatigue metabolites with isometric and concentric
exercise may have contributed to greater local performance fatigability in fibromyalgia
compared to control while similar reductions occurred following eccentric due to less
reliance on active contractile elements and reduced metabolic demand. This was further
supported by greater reports of pain and exertion during concentric and isometric
exercise compared to eccentric. While concentric contractions lead to greater increases
in perceived pain and exertion compared to isometric contractions, local performance
fatigability was comparable.
Submaximal eccentric contractions did not lead to group differences in local
performance fatigability and people with fibromyalgia reported smaller magnitudes of
perceived pain and fatigue during and immediately following eccentric exercise
compared to concentric and isometric contractions, while control participants reported
fatigue and no pain with submaximal eccentric contractions. Increased peripheral
sensitivity in fibromyalgia may lead to perceptions of pain at low concentrations of
fatigue metabolites during exercise. However, the lack of change in motor drive would
suggest peripheral fatigue metabolites may not have had such influence. The pain
experienced during eccentric contractions in people with fibromyalgia may be explained
by the increased strain on non-contractile passive structures (i.e. muscle connective
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tissue) (Douglas et al., 2017b; Franchi et al., 2017) which house and are innervated by
muscle free nerve endings (Mense, 2010; Messlinger, 1996; Queme et al., 2017).
Reduced thresholds of muscle free nerve endings may have contributed to heighted
perceptions of pain with eccentric exercise and was supported by evidence of elevated
mechanical sensitivity with PPT and punctate summation at the bicep.
The clinical value of reduced metabolic demand associated with eccentric
contractions goes beyond pain and fatigue as cumulative effects of low intensity
eccentric exercise have been shown to induce neuromuscular changes that promote
muscle hypertrophy and strength and reduce pain sensitivity (Hosseinzadeh et al., 2013;
Lavender & Nosaka, 2008; McHugh, 2003; Nosaka et al., 2001). The submaximal
intensity of eccentric exercise used in this research is in contrast to much of the prior
research investigating the inflammatory, metabolic, and motor performance sequalae
following maximal eccentric exercise (Douglas et al., 2017b; MacIntyre DL 2019;
MacIntyre et al., 1995; Souron et al., 2018) which was evident by a lack of change in
perceived pain and fatigue and strength on the second day following eccentric exercise.
This evidence challenges antiquated thoughts to avoid the use of eccentric exercise in
chronic pain populations.
Evidence from chapter two (study one) suggests the greater local performance
fatigability in fibromyalgia following isometric and concentric exercise was not
attributable to a widespread mechanism of central fatigue as similar changes in handgrip
force occurred following exercise. This motivated the investigation of changes in
measures of peripheral contractile properties and central fatigue in addition to
performance fatigability in chapter five (study two). As previously stated, lack of group
differences in performance fatigue following eccentric exercise may be attributable to the
low metabolic cost and by-product accumulation following eccentric exercise. This idea
was further supported by a lack of change in central (i.e. voluntary activation) and
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peripheral (i.e., potentiated twitch amplitude and half-relaxation time) fatigue in both
groups. Prior research has shown greater group III and IV afferent feedback from the
accumulation of fatigue metabolites with repeated muscle contraction to influence central
motor drive (Amann & Dempsey, 2016; Carroll et al., 2017; Laurin et al., 2015; Taylor &
Gandevia, 2008) and contractile properties of muscle fibers (Debold et al., 2016;
Westerblad et al., 1998). From a clinical standpoint, submaximal eccentric contractions
can be used as an exercise modality with less perceived pain and exertion compared to
isometric and concentric exercise with reduced impact on peripheral and central
performance fatigability in people with fibromyalgia.
6.3 Influence of Contraction Type on the Temporal and Spatial Change in Perceived
Pain and Fatigue During Recovery
This cumulative research was the first to our knowledge to document the
temporal change in perceived pain and fatigue during and following submaximal
exercise in people with fibromyalgia. These results are highly relevant to the
management of fibromyalgia as the exercise protocols were of submaximal intensity and
short duration which is in line with clinical recommendations. Despite performing a low
dose of exercise, people with fibromyalgia report greater increases in pain and fatigue
localized to the exercising arm during exercise compared to control. The greater
elevation in perceived pain and exertion seen in fibromyalgia during exercise cannot be
attributable to differences in age, body composition, baseline strength, or routine
physical activity. Augmented sensitivity to an exercise stimulus may be attributable to
alterations in pain sensitivity seen in our fibromyalgia cohort. Across both studies,
fibromyalgia had heightened pressure pain sensitivity and experienced greater
summation of pain when exposed to a constant or repeated noxious stimulus of lower
intensity. The combined effect of peripheral and central sensitization during noxious
exercise may have contributed to the augmented pain that was seen in the exercising
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limb. Although submaximal exercise in this study was less likely to lead to exerciseinduced muscle damage commonly seen with high intensity exercise (Campos et al.,
2002; Fernandes et al., 2019; Roth et al., 1999), the increase in perceived pain and
fatigue with exercise in fibromyalgia suggests a general increase in sensitivity to locally
induced changes in exercising muscle. While not formally investigated in this research,
prior research in healthy adults suggests low concentrations of fatigue metabolites (i.e.,
H+, ATP, lactate) induce symptoms of fatigue while higher concentrations lead induce
symptoms of pain (Pollak et al., 2014). The heightened pain sensitivity seen in
fibromyalgia may promote greater perceptions of fatigue and pain at lower
concentrations of fatigue metabolites that may be achieved with low-intensity exercise.
These findings suggest the greater levels of pain and exertion experienced during
exercise in people with fibromyalgia requires concurrent assessment and management
of to improve exercise tolerance.
People with fibromyalgia continued to report greater increases in local pain and
fatigue immediately after exercise with each contraction type compared to control
participants. This elevated arm pain and fatigue continued for at least three days
following the isometric and concentric tasks. Due to this prolonged local symptom
aggravation, the recovery assessments were increased to seven days for the eccentric
protocol. Interestingly, following eccentric exercise there was increased pain and fatigue
locally in the exercising muscle immediately after exercise that returned to baseline by
day 1. This outcome is in line with prior research indicating elevated levels of pain and
fatigue within the 24 hours following novel exercise (Kadetoff & Kosek, 2007; Lannersten
& Kosek, 2010; Mengshoel et al., 1995). The continued pain in the exercising limb up to
three days following isometric and concentric exercise may be associated with the
greater metabolic demand required to complete these exercise tasks; this enhanced
pain did not occur during the recovery period with eccentric exercise.
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The differences in metabolic demand may also explain the differences between
isometric and concentric exercise as greater pain and exertion was reported during
concentric than isometric. Because the submaximal (20%) intensity was based off of
MVIC, the concentric contractions required greater effort and metabolic demand
compared to isometric. Thus, greater accumulation of fatigue metabolites lead to
increased group III and IV afferent feedback with concentric contractions compared to
isometric, providing a rationale for the elevated pain and fatigue with concentric
exercise.
The research provides insight that exercise may act as an endogenous stimulus
that produces metabolic byproducts of which people with fibromyalgia may have greater
sensitivity to and therefore report intensified pain and fatigue in the exercising muscle.
Contrasting results in pain assessment existed as an increase in perceived pain
occurred with a lack of clinically relevant change in pressure or punctate pain sensitivity
at the biceps. Pain thresholds have been shown to be reliable (Park et al., 2011; Waller
et al., 2015) and baseline PPTs were consistent across sessions in these studies.
Therefore, the lack of change in local mechanical and punctate pain sensitivity suggests
a single bout of exercise at submaximal intensity may not alter mechanical pain
sensitivity in middle-aged people with and without fibromyalgia.
Although recent fibromyalgia research has focused on the contribution of central
nervous system modulation of pain (Arendt-Nielsen & Graven-Nielsen, 2003; Cagnie et
al., 2014; de la Coba et al., 2018; Sluka & Clauw, 2016; Staud, 2009; Woolf, 2011), this
research reinforces the potential influence of peripheral muscle input on local symptoms
in fibromyalgia beyond central sensitization. Exercise acts as an acute pain and fatigue
inducing stimulus which in fibromyalgia may lead to prolonged aftereffects compared to
control due to augmented central pain facilitation (Sluka & Clauw, 2016; Staud, 2009;
Woolf, 2011). In contrast to anecdotal reports and prior research demonstrating increase
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in central pain facilitation with high intensity exercise (Staud et al., 2009; Vierck et al.,
2001a), we show submaximal exercise is not sufficient in promoting systemic changes in
widespread pain and fatigue as there was a lack of change in systemic pain sensitivity
(PPT, mechanical or punctate pain summation) nor clinically important changes in
widespread body pain and fatigue during the recovery from each contraction type.
6.4 Clinical Implications
Patients with fibromyalgia must be educated of the transient increase in local
pain and fatigue that occurs following exercise of any contraction type. Additionally,
exercise prescribing providers should consider dosing exercise by a percentage of
maximal force versus solely relying on the number of sets and repetitions. We show in
people with fibromyalgia low intensity exercise (isometric, concentric, & eccentric) for
short duration induced moderate to severe pain in the exercising limb immediately after
exercise which remained elevated for at least three days following isometric and
concentric exercise only. The combination of setting appropriate expectations and
concurrent management of the local pain and fatigue response following submaximal
exercise may assist to increase tolerance to a single exercise session. These findings
extend beyond implementation of isometric, concentric, and eccentric contractions in
resistive exercise, as each of the contraction types are required for performance of daily
tasks at a submaximal level (i.e., stair descent, lifting objects). Incorporation of each
contraction type in an exercise training program may help improve tolerance to daily
activities which patients with fibromyalgia commonly report having difficulty with.
This dissertation provides a foundation for further investigation into the use of
eccentric contractions in people with fibromyalgia and other chronic pain conditions.
Eccentric contractions have historically been avoided in people with chronic pain due to
of the potential for delayed onset muscle. This antiquated viewpoint has been upended
in that these results show that people with fibromyalgia have similar recovery as people
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without fibromyalgia, When comparing eccentric exercise to isometric and concentric,
people with fibromyalgia experience less pain and fatigue during recovery following the
submaximal eccentric exercise. Tolerance to submaximal eccentric exercise holds
significant clinical value as eccentric exercise promotes greater muscle hypertrophy at
reduced metabolic cost compared to isometric and concentric contractions. Additionally,
repeated bouts of submaximal eccentric exercise have been shown to reduce pain
sensitivity and improve tolerance to lengthening contractions. Future research in the use
of eccentric exercise in people with fibromyalgia may lead to the development of novel
training protocols that reduce pain with common daily functional activities that require
eccentric contractions.
6.5 Conclusion
This research provides evidence that a single bout of exercise at submaximal
intensity of any contraction type may be performed by people with fibromyalgia without
impacting systemic symptoms of widespread pain and fatigue or strength. Local changes
in perceived arm pain and fatigue and strength occurred transiently during and following
exercise were not accompanied by changes in peripheral or central pain sensitivity or
performance fatigability. The pain response following exercise is variable in pain in
people with fibromyalgia as some demonstrate increases and decreases in pain,
however the magnitude of change was not related to baseline clinical pain, experimental
pain, pain catastrophizing, or kinesiophobia. Exercise prescription in people with
fibromyalgia requires concurrent management of the local pain that occurs in the
exercising muscle regardless of disease severity.

176
Bibliography
Ablin, K., & Clauw, D. J. (2009, May). From fibrositis to functional somatic syndromes to
a bell-shaped curve of pain and sensory sensitivity: evolution of a clinical
construct. Rheum Dis Clin North Am, 35(2), 233-251.
https://doi.org/10.1016/j.rdc.2009.06.006
Aboodarda, S. J., Iannetta, D., Emami, N., Varesco, G., Murias, J. M., & Millet, G. Y.
(2020, Jan). Effects of pre-induced fatigue vs. concurrent pain on exercise
tolerance, neuromuscular performance and corticospinal responses of locomotor
muscles. J Physiol, 598(2), 285-302. https://doi.org/10.1113/JP278943
ACSM. (2018). ACSM's Health/Fitness Facility Standards and Guidelines (5th ed.).
Human Kinetics.
https://www.google.com/books/edition/ACSM_s_Health_Fitness_Facility_Standar
ds/ZvJ6DwAAQBAJ?hl=en&gbpv=1&printsec=frontcover
Alsouhibani, A., Vaegter, H. B., & Hoeger Bement, M. (2019, Jan 1). Systemic ExerciseInduced Hypoalgesia Following Isometric Exercise Reduces Conditioned Pain
Modulation. Pain Med, 20(1), 180-190. https://doi.org/10.1093/pm/pny057
Alvarez-Gallardo, I. C., Bidonde, J., Busch, A., Westby, M., Kenny, G. P., DelgadoFernandez, M., Carbonell-Baeza, A., Rahman, P., De Angelis, G., & Brosseau, L.
(2019, May). Therapeutic validity of exercise interventions in the management of
fibromyalgia. J Sports Med Phys Fitness, 59(5), 828-838.
https://doi.org/10.23736/S0022-4707.18.08897-7
Amann, M. (2012, Sep). Significance of Group III and IV muscle afferents for the
endurance exercising human. Clin Exp Pharmacol Physiol, 39(9), 831-835.
https://doi.org/10.1111/j.1440-1681.2012.05681.x
Amann, M., & Dempsey, J. A. (2016). Ensemble Input of Group III/IV Muscle Afferents to
CNS: A Limiting Factor of Central Motor Drive During Endurance Exercise from
Normoxia to Moderate Hypoxia. Adv Exp Med Biol, 903, 325-342.
https://doi.org/10.1007/978-1-4899-7678-9_22
Ambrose, K. R., & Golightly, Y. M. (2015, Feb). Physical exercise as nonpharmacological treatment of chronic pain: Why and when. Best Pract Res Clin
Rheumatol, 29(1), 120-130. https://doi.org/10.1016/j.berh.2015.04.022
Ament, W., & Verkerke, G. J. (2009, 2009). Exercise and fatigue. Sports Med, 39(5),
389-422. https://doi.org/10.2165/00007256-200939050-00005
American College of Sports Medicine. (2009, Mar). American College of Sports Medicine
position stand. Progression models in resistance training for healthy adults. Med
Sci Sports Exerc, 41(3), 687-708.
https://doi.org/10.1249/MSS.0b013e3181915670
American College of Sports Medicine Guidelines for Exercise Testing and Prescription.
(2017). (10th Edition ed.). Wolters Kluwer.

177

American Pain Foundation. (2007). An overview of American pain surveys. J Pain Palliat
Care Pharmacother, 21(4), 59-67.
https://www.ncbi.nlm.nih.gov/pubmed/18032320
Ameringer, S., Elswick, R. K., Jr., Menzies, V., Robins, J. L., Starkweather, A., Walter,
J., Gentry, A. E., & Jallo, N. (2016, Jul-Aug). Psychometric Evaluation of the
Patient-Reported Outcomes Measurement Information System Fatigue-Short
Form Across Diverse Populations. Nurs Res, 65(4), 279-289.
https://doi.org/10.1097/NNR.0000000000000162
Andrade, A., de Azevedo Klumb Steffens, R., Sieczkowska, S. M., Peyre Tartaruga, L.
A., & Torres Vilarino, G. (2018, Oct 22). A systematic review of the effects of
strength training in patients with fibromyalgia: clinical outcomes and design
considerations. Adv Rheumatol, 58(1), 36. https://doi.org/10.1186/s42358-0180033-9
Andrade, A., Dominski, F. H., & Sieczkowska, S. M. (2020, Feb 14). What we already
know about the effects of exercise in patients with fibromyalgia: An umbrella
review. Semin Arthritis Rheum. https://doi.org/10.1016/j.semarthrit.2020.02.003
Arendt-Nielsen, L., & Graven-Nielsen, T. (2003, Oct). Central sensitization in
fibromyalgia and other musculoskeletal disorders. Curr Pain Headache Rep,
7(5), 355-361. https://doi.org/10.1007/s11916-003-0034-0
Arendt-Nielsen, L., & Yarnitsky, D. (2009, Jun). Experimental and clinical applications of
quantitative sensory testing applied to skin, muscles and viscera. J Pain, 10(6),
556-572. https://doi.org/10.1016/j.jpain.2009.02.002
Arranz, L. I., Rafecas, M., & Alegre, C. (2014, Jan). Effects of obesity on function and
quality of life in chronic pain conditions. Curr Rheumatol Rep, 16(1), 390.
https://doi.org/10.1007/s11926-013-0390-7
Awali, A., Alsouhibani, A. M., & Hoeger Bement, M. (2018, Sep 15). Lean mass
mediates the relation between temporal summation of pain and sex in young
healthy adults. Biol Sex Differ, 9(1), 42. https://doi.org/10.1186/s13293-0180200-z
Babault, N., Desbrosses, K., Fabre, M. S., Michaut, A., & Pousson, M. (2006, Mar).
Neuromuscular fatigue development during maximal concentric and isometric
knee extensions. J Appl Physiol (1985), 100(3), 780-785.
https://doi.org/10.1152/japplphysiol.00737.2005
Bachasson, D., Guinot, M., Wuyam, B., Favre-Juvin, A., Millet, G. Y., Levy, P., & Verges,
S. (2013, Mar). Neuromuscular fatigue and exercise capacity in fibromyalgia
syndrome. Arthritis Care Res (Hoboken), 65(3), 432-440.
https://doi.org/10.1002/acr.21845
Backonja, M. M., Attal, N., Baron, R., Bouhassira, D., Drangholt, M., Dyck, P. J.,
Edwards, R. R., Freeman, R., Gracely, R., Haanpaa, M. H., Hansson, P., Hatem,
S. M., Krumova, E. K., Jensen, T. S., Maier, C., Mick, G., Rice, A. S., Rolke, R.,

178
Treede, R. D., Serra, J., Toelle, T., Tugnoli, V., Walk, D., Walalce, M. S., Ware,
M., Yarnitsky, D., & Ziegler, D. (2013, Sep). Value of quantitative sensory testing
in neurological and pain disorders: NeuPSIG consensus. Pain, 154(9), 18071819. https://doi.org/10.1016/j.pain.2013.05.047
Bartley, E. J., Robinson, M. E., & Staud, R. (2018, Apr). Pain and Fatigue Variability
Patterns Distinguish Subgroups of Fibromyalgia Patients. J Pain, 19(4), 372-381.
https://doi.org/10.1016/j.jpain.2017.11.014
Bennett, R. M., Friend, R., Jones, K. D., Ward, R., Han, B. K., & Ross, R. L. (2009). The
Revised Fibromyalgia Impact Questionnaire (FIQR): validation and psychometric
properties. In Arthritis Res Ther (Vol. 11, pp. R120).
https://doi.org/10.1186/ar2783
Bidonde, J., Busch, A. J., Bath, B., & Milosavljevic, S. (2014a). Exercise for adults with
fibromyalgia: an umbrella systematic review with synthesis of best evidence.
Current Rheumatology Reviews, 10(1), 45-79.
Bidonde, J., Busch, A. J., Bath, B., & Milosavljevic, S. (2014b). Exercise for adults with
fibromyalgia: an umbrella systematic review with synthesis of best evidence. Curr
Rheumatol Rev, 10(1), 45-79.
https://doi.org/10.2174/1573403x10666140914155304
Bidonde, J., Busch, A. J., Schachter, C. L., Overend, T. J., Kim, S. Y., Goes, S. M.,
Boden, C., & Foulds, H. J. (2017, Jun 21). Aerobic exercise training for adults
with fibromyalgia. Cochrane Database Syst Rev, 6, CD012700.
https://doi.org/10.1002/14651858.CD012700
Bidonde, J., Busch, A. J., Schachter, C. L., Webber, S. C., Musselman, K. E., Overend,
T. J., Goes, S. M., Dal Bello-Haas, V., & Boden, C. (2019, May 24). Mixed
exercise training for adults with fibromyalgia. Cochrane Database Syst Rev, 5,
CD013340. https://doi.org/10.1002/14651858.CD013340
Bishop, M. D., George, S. Z., & Robinson, M. E. (2012, Sep 20). Dynamic, but not static,
pain sensitivity predicts exercise-induced muscle pain: covariation of temporal
sensory summation and pain intensity. Neurosci Lett, 526(1), 1-4.
https://doi.org/10.1016/j.neulet.2012.07.067
Bishop, M. D., Horn, M. E., & George, S. Z. (2011a, Jun). Exercise-induced pain
intensity predicted by pre-exercise fear of pain and pain sensitivity. Clin J Pain,
27(5), 398-404. https://doi.org/10.1097/AJP.0b013e31820d9bbf
Bishop, M. D., Horn, M. E., George, S. Z., & Robinson, M. E. (2011b, Feb 2). Selfreported pain and disability outcomes from an endogenous model of muscular
back pain. BMC Musculoskelet Disord, 12, 35. https://doi.org/10.1186/14712474-12-35
Blain, G. M., Mangum, T. S., Sidhu, S. K., Weavil, J. C., Hureau, T. J., Jessop, J. E.,
Bledsoe, A. D., Richardson, R. S., & Amann, M. (2016, Sep 15). Group III/IV
muscle afferents limit the intramuscular metabolic perturbation during whole body

179
exercise in humans. J Physiol, 594(18), 5303-5315.
https://doi.org/10.1113/JP272283
Borg, G. (1998). Borg's perceived exertion and pain scales. Human Kinetics.
Brellenthin, A. G., Crombie, K. M., Cook, D. B., Sehgal, N., & Koltyn, K. F. (2016).
Psychosocial Influences on Exercise-Induced Hypoalgesia. Pain Medicine
(Malden, Mass.). https://doi.org/10.1093/pm/pnw275
Brellenthin, A. G., Crombie, K. M., Cook, D. B., Sehgal, N., & Koltyn, K. F. (2017, Mar 1).
Psychosocial Influences on Exercise-Induced Hypoalgesia. Pain Med, 18(3),
538-550. https://doi.org/10.1093/pm/pnw275
Brosseau, L., Wells, G. A., Tugwell, P., Egan, M., Wilson, K. G., Dubouloz, C. J.,
Casimiro, L., Robinson, V. A., McGowan, J., Busch, A., Poitras, S., Moldofsky,
H., Harth, M., Finestone, H. M., Nielson, W., Haines-Wangda, A., RussellDoreleyers, M., Lambert, K., Marshall, A. D., Veilleux, L., & Ottawa Panel, M.
(2008, Jul). Ottawa Panel evidence-based clinical practice guidelines for
strengthening exercises in the management of fibromyalgia: part 2. Phys Ther,
88(7), 873-886. https://doi.org/10.2522/ptj.20070115
Burckhardt, C. S., Clark, S. R., & Bennett, R. M. (1991, May). The fibromyalgia impact
questionnaire: development and validation. J Rheumatol, 18(5), 728-733.
https://www.ncbi.nlm.nih.gov/pubmed/1865419
Burwinkle, T., Robinson, J. P., & Turk, D. C. (2005, Jun). Fear of movement: factor
structure of the tampa scale of kinesiophobia in patients with fibromyalgia
syndrome. J Pain, 6(6), 384-391. https://doi.org/10.1016/j.jpain.2005.01.355
Busch, A. J., Barber, K. A., Overend, T. J., Peloso, P. M., & Schachter, C. L. (2007, Oct
17). Exercise for treating fibromyalgia syndrome. Cochrane Database Syst
Rev(4), CD003786. https://doi.org/10.1002/14651858.CD003786.pub2
Busch, A. J., Webber, S. C., Brachaniec, M., Bidonde, J., Bello-Haas, V. D., Danyliw, A.
D., Overend, T. J., Richards, R. S., Sawant, A., & Schachter, C. L. (2011, Oct).
Exercise therapy for fibromyalgia. Curr Pain Headache Rep, 15(5), 358-367.
https://doi.org/10.1007/s11916-011-0214-2
Busch, A. J., Webber, S. C., Richards, R. S., Bidonde, J., Schachter, C. L., Schafer, L.
A., Danyliw, A., Sawant, A., Dal Bello-Haas, V., Rader, T., & Overend, T. J.
(2013a). Resistance exercise training for fibromyalgia. The Cochrane Database
of Systematic Reviews(12), CD010884.
https://doi.org/10.1002/14651858.CD010884
Busch, A. J., Webber, S. C., Richards, R. S., Bidonde, J., Schachter, C. L., Schafer, L.
A., Danyliw, A., Sawant, A., Dal Bello-Haas, V., Rader, T., & Overend, T. J.
(2013b, Dec 20). Resistance exercise training for fibromyalgia. Cochrane
Database Syst Rev(12), CD010884. https://doi.org/10.1002/14651858.CD010884
Busse, J. W., Kulkarni, A. V., Badwall, P., Guyatt, G. H., & Medically Unexplained
Syndromes Study, G. (2008, May 31). Attitudes towards fibromyalgia: a survey of

180
Canadian chiropractic, naturopathic, physical therapy and occupational therapy
students. BMC Complement Altern Med, 8, 24. https://doi.org/10.1186/14726882-8-24
Cagnie, B., Coppieters, I., Denecker, S., Six, J., Danneels, L., & Meeus, M. (2014, Aug).
Central sensitization in fibromyalgia? A systematic review on structural and
functional brain MRI. Semin Arthritis Rheum, 44(1), 68-75.
https://doi.org/10.1016/j.semarthrit.2014.01.001
Campos, G. E., Luecke, T. J., Wendeln, H. K., Toma, K., Hagerman, F. C., Murray, T. F.,
Ragg, K. E., Ratamess, N. A., Kraemer, W. J., & Staron, R. S. (2002, Nov).
Muscular adaptations in response to three different resistance-training regimens:
specificity of repetition maximum training zones. Eur J Appl Physiol, 88(1-2), 5060. https://doi.org/10.1007/s00421-002-0681-6
Cardinal, T. M., Antunes, L. C., Brietzke, A. P., Parizotti, C. S., Carvalho, F., De Souza,
A., da Silva Torres, I. L., Fregni, F., & Caumo, W. (2019, 04/25/2019). Differential
Neuroplastic Changes in Fibromyalgia and Depression Indexed by UpRegulation of Motor Cortex Inhibition and Disinhibition of the Descending Pain
System: An Exploratory Study. Front Hum Neurosci, 13, 138.
https://doi.org/10.3389/fnhum.2019.00138
Carroll, T. J., Taylor, J. L., & Gandevia, S. C. (2017, May 1). Recovery of central and
peripheral neuromuscular fatigue after exercise. J Appl Physiol (1985), 122(5),
1068-1076. https://doi.org/10.1152/japplphysiol.00775.2016
Casale, R., Cazzola, M., Arioli, G., Gracely, R. H., Ceccherelli, F., Atzeni, F., Stisi, S.,
Cassisi, G., Altomonte, L., Alciati, A., Leardini, G., Gorla, R., Marsico, A., Torta,
R., Giamberardino, M. A., Buskila, D., Spath, M., Marinangeli, F., Bazzichi, L., Di
Franco, M., Biasi, G., Salaffi, F., Carignola, R., Sarzi-Puttini, P., & Italian
Fibromyalgia, N. (2008, Jul-Sep). Non pharmacological treatments in
fibromyalgia. Reumatismo, 60 Suppl 1, 59-69.
https://doi.org/10.4081/reumatismo.2008.1s.59
Cecchi, F., Molino-Lova, R., Paperini, A., Boni, R., Castagnoli, C., Gentile, J., Pasquini,
G., & Macchi, C. (2011, Oct). Predictors of short- and long-term outcome in
patients with chronic non-specific neck pain undergoing an exercise-based
rehabilitation program: a prospective cohort study with 1-year follow-up. Intern
Emerg Med, 6(5), 413-421. https://doi.org/10.1007/s11739-010-0499-x
Chen, T. C., Chen, H. L., Lin, M. J., Yu, H. I., & Nosaka, K. (2016, Oct). Contralateral
Repeated Bout Effect of Eccentric Exercise of the Elbow Flexors. Med Sci Sports
Exerc, 48(10), 2030-2039. https://doi.org/10.1249/mss.0000000000000991
Chen, T. C., Lin, M. J., Chen, H. L., Yu, H. I., & Nosaka, K. (2018a, Mar). Contralateral
Repeated Bout Effect of the Knee Flexors. Med Sci Sports Exerc, 50(3), 542550. https://doi.org/10.1249/mss.0000000000001470
Chen, T. C., Lin, M. J., Lai, J. H., Chen, H. L., Yu, H. I., & Nosaka, K. (2018b, Oct). Lowintensity elbow flexion eccentric contractions attenuate maximal eccentric

181
exercise-induced muscle damage of the contralateral arm. J Sci Med Sport,
21(10), 1068-1072. https://doi.org/10.1016/j.jsams.2017.12.012
Cheung, K., Hume, P., & Maxwell, L. (2003). Delayed onset muscle soreness : treatment
strategies and performance factors. Sports Med, 33(2), 145-164.
https://doi.org/10.2165/00007256-200333020-00005
Chimenti, R. L., Frey-Law, L. A., & Sluka, K. A. (2018, May 1). A Mechanism-Based
Approach to Physical Therapist Management of Pain. Phys Ther, 98(5), 302-314.
https://doi.org/10.1093/ptj/pzy030
Choi, L., Ward, S. C., Schnelle, J. F., & Buchowski, M. S. (2012, Oct). Assessment of
wear/nonwear time classification algorithms for triaxial accelerometer. Med Sci
Sports Exerc, 44(10), 2009-2016.
https://doi.org/10.1249/MSS.0b013e318258cb36
Clauw, D. J. (2009, Dec). Fibromyalgia: an overview. Am J Med, 122(12 Suppl), S3-S13.
https://doi.org/10.1016/j.amjmed.2009.09.006
Clauw, D. J. (2014, Apr 16). Fibromyalgia: a clinical review. JAMA, 311(15), 1547-1555.
https://doi.org/10.1001/jama.2014.3266
Clauw, D. J. (2015, Feb). Diagnosing and treating chronic musculoskeletal pain based
on the underlying mechanism(s). Best Pract Res Clin Rheumatol, 29(1), 6-19.
https://doi.org/10.1016/j.berh.2015.04.024
Clauw, D. J., Arnold, L. M., McCarberg, B. H., & FibroCollaborative. (2011, Sep). The
science of fibromyalgia. Mayo Clin Proc, 86(9), 907-911.
https://doi.org/10.4065/mcp.2011.0206
Cohen, H. (2017, May). Controversies and challenges in fibromyalgia: a review and a
proposal. Ther Adv Musculoskelet Dis, 9(5), 115-127.
https://doi.org/10.1177/1759720X17699199
Conti, P., Gallenga, C. E., Caraffa, A., Ronconi, G., & Kritas, S. K. (2020, Jan). Impact of
mast cells in fibromyalgia and low-grade chronic inflammation: Can IL-37 play a
role? Dermatol Ther, 33(1), e13191. https://doi.org/10.1111/dth.13191
Cook, D. B., Lange, G., Ciccone, D. S., Liu, W. C., Steffener, J., & Natelson, B. H. (2004,
Feb). Functional imaging of pain in patients with primary fibromyalgia. J
Rheumatol, 31(2), 364-378. https://www.ncbi.nlm.nih.gov/pubmed/14760810
Cruz-Almeida, Y., & Fillingim, R. B. (2014, Jan). Can quantitative sensory testing move
us closer to mechanism-based pain management? Pain Med, 15(1), 61-72.
https://doi.org/10.1111/pme.12230
Culos-Reed, S. N., & Brawley, L. R. (2000, Dec). Fibromyalgia, physical activity, and
daily functioning: the importance of efficacy and health-related quality of life.
Arthritis Care Res, 13(6), 343-351. https://doi.org/10.1002/15290131(200012)13:6<343::aid-art3>3.0.co;2-p

182
da Cunha Ribeiro, R. P., Franco, T. C., Pinto, A. J., Pontes Filho, M. A. G., Domiciano,
D. S., de Sa Pinto, A. L., Lima, F. R., Roschel, H., & Gualano, B. (2018).
Prescribed Versus Preferred Intensity Resistance Exercise in Fibromyalgia Pain.
Front Physiol, 9, 1097. https://doi.org/10.3389/fphys.2018.01097
Dahlhamer, J., Lucas, J., Zelaya, C., Nahin, R., Mackey, S., DeBar, L., Kerns, R., Von
Korff, M., Porter, L., & Helmick, C. (2018, Sep 14). Prevalence of Chronic Pain
and High-Impact Chronic Pain Among Adults - United States, 2016. MMWR Morb
Mortal Wkly Rep, 67(36), 1001-1006. https://doi.org/10.15585/mmwr.mm6736a2
Dailey, D. L., Keffala, V. J., & Sluka, K. A. (2015, Feb). Do cognitive and physical fatigue
tasks enhance pain, cognitive fatigue, and physical fatigue in people with
fibromyalgia? Arthritis Care Res (Hoboken), 67(2), 288-296.
https://doi.org/10.1002/acr.22417
Dailey, D. L., Rakel, B. A., Vance, C. G., Liebano, R. E., Amrit, A. S., Bush, H. M., Lee,
K. S., Lee, J. E., & Sluka, K. A. (2013, Nov). Transcutaneous electrical nerve
stimulation reduces pain, fatigue and hyperalgesia while restoring central
inhibition in primary fibromyalgia. Pain, 154(11), 2554-2562.
https://doi.org/10.1016/j.pain.2013.07.043
Dailey, D. L., Vance, C. G. T., Rakel, B. A., Zimmerman, M. B., Embree, J., Merriwether,
E. N., Geasland, K. M., Chimenti, R., Williams, J. M., Golchha, M., Crofford, L. J.,
& Sluka, K. A. (2020, May). Transcutaneous Electrical Nerve Stimulation
Reduces Movement-Evoked Pain and Fatigue: A Randomized, Controlled Trial.
Arthritis Rheumatol, 72(5), 824-836. https://doi.org/10.1002/art.41170
Damsgard, E., Thrane, G., Anke, A., Fors, T., & Roe, C. (2010). Activity-related pain in
patients with chronic musculoskeletal disorders. Disabil Rehabil, 32(17), 14281437. https://doi.org/10.3109/09638280903567877
Dannecker, E. A., & Koltyn, K. F. (2014, Jul). Pain during and within hours after exercise
in healthy adults. Sports Med, 44(7), 921-942. https://doi.org/10.1007/s40279014-0172-z
de Bruijn, S. T., van Wijck, A. J., Geenen, R., Snijders, T. J., van der Meulen, W. J.,
Jacobs, J. W., & Veldhuijzen, D. S. (2011, Sep). Relevance of physical fitness
levels and exercise-related beliefs for self-reported and experimental pain in
fibromyalgia: an explorative study. J Clin Rheumatol, 17(6), 295-301.
https://doi.org/10.1097/RHU.0b013e31822c5196
de Gier, M., Peters, M. L., & Vlaeyen, J. W. (2003, Jul). Fear of pain, physical
performance, and attentional processes in patients with fibromyalgia. Pain,
104(1-2), 121-130. https://doi.org/10.1016/s0304-3959(02)00487-6
de la Coba, P., Bruehl, S., Galvez-Sanchez, C. M., & Reyes Del Paso, G. A. (2018,
Jul/Aug). Slowly Repeated Evoked Pain as a Marker of Central Sensitization in
Fibromyalgia: Diagnostic Accuracy and Reliability in Comparison With Temporal
Summation of Pain. Psychosom Med, 80(6), 573-580.
https://doi.org/10.1097/PSY.0000000000000599

183
Debold, E. P., Fitts, R. H., Sundberg, C. W., & Nosek, T. M. (2016, Nov). Muscle Fatigue
from the Perspective of a Single Crossbridge. Med Sci Sports Exerc, 48(11),
2270-2280. https://doi.org/10.1249/MSS.0000000000001047
Dibble, L. E., Hale, T., Marcus, R. L., Gerber, J. P., & Lastayo, P. C. (2006, Sep). The
safety and feasibility of high-force eccentric resistance exercise in persons with
Parkinson's disease. Arch Phys Med Rehabil, 87(9), 1280-1282.
https://doi.org/10.1016/j.apmr.2006.05.016
Dobkin, P. L., Abrahamowicz, M., Fitzcharles, M. A., Dritsa, M., & da Costa, D. (2005,
Oct 15). Maintenance of exercise in women with fibromyalgia. Arthritis Rheum,
53(5), 724-731. https://doi.org/10.1002/art.21470
Douglas, J., Pearson, S., Ross, A., & McGuigan, M. (2017a, May). Chronic Adaptations
to Eccentric Training: A Systematic Review. Sports Med, 47(5), 917-941.
https://doi.org/10.1007/s40279-016-0628-4
Douglas, J., Pearson, S., Ross, A., & McGuigan, M. (2017b, Apr). Eccentric Exercise:
Physiological Characteristics and Acute Responses. Sports Med, 47(4), 663-675.
https://doi.org/10.1007/s40279-016-0624-8
Dowell, D., Haegerich, T. M., & Chou, R. (2016a, Apr 19). CDC Guideline for Prescribing
Opioids for Chronic Pain--United States, 2016. JAMA, 315(15), 1624-1645.
https://doi.org/10.1001/jama.2016.1464
Dowell, D., Haegerich, T. M., & Chou, R. (2016b). CDC Guideline for Prescribing
Opioids for Chronic Pain - United States, 2016. MMWR. Recommendations and
reports : Morbidity and mortality weekly report. Recommendations and reports /
Centers for Disease Control, 65(1), 1-49.
http://www.ncbi.nlm.nih.gov/pubmed/26987082
Dworkin, R. H., Turk, D. C., Farrar, J. T., Haythornthwaite, J. A., Jensen, M. P., Katz, N.
P., Kerns, R. D., Stucki, G., Allen, R. R., Bellamy, N., Carr, D. B., Chandler, J.,
Cowan, P., Dionne, R., Galer, B. S., Hertz, S., Jadad, A. R., Kramer, L. D.,
Manning, D. C., Martin, S., McCormick, C. G., McDermott, M. P., McGrath, P.,
Quessy, S., Rappaport, B. A., Robbins, W., Robinson, J. P., Rothman, M., Royal,
M. A., Simon, L., Stauffer, J. W., Stein, W., Tollett, J., Wernicke, J., Witter, J., &
Immpact. (2005, Jan). Core outcome measures for chronic pain clinical trials:
IMMPACT recommendations. Pain, 113(1-2), 9-19.
https://doi.org/10.1016/j.pain.2004.09.012
Dworkin, R. H., Turk, D. C., Wyrwich, K. W., Beaton, D., Cleeland, C. S., Farrar, J. T.,
Haythornthwaite, J. A., Jensen, M. P., Kerns, R. D., Ader, D. N., Brandenburg,
N., Burke, L. B., Cella, D., Chandler, J., Cowan, P., Dimitrova, R., Dionne, R.,
Hertz, S., Jadad, A. R., Katz, N. P., Kehlet, H., Kramer, L. D., Manning, D. C.,
McCormick, C., McDermott, M. P., McQuay, H. J., Patel, S., Porter, L., Quessy,
S., Rappaport, B. A., Rauschkolb, C., Revicki, D. A., Rothman, M., Schmader, K.
E., Stacey, B. R., Stauffer, J. W., von Stein, T., White, R. E., Witter, J., & Zavisic,
S. (2008, Feb). Interpreting the clinical importance of treatment outcomes in
chronic pain clinical trials: IMMPACT recommendations. J Pain, 9(2), 105-121.
https://doi.org/10.1016/j.jpain.2007.09.005

184

Edwards, R. R., Bingham, C. O., 3rd, Bathon, J., & Haythornthwaite, J. A. (2006a, Apr
15). Catastrophizing and pain in arthritis, fibromyalgia, and other rheumatic
diseases. Arthritis Rheum, 55(2), 325-332. https://doi.org/10.1002/art.21865
Edwards, R. R., Cahalan, C., Mensing, G., Smith, M., & Haythornthwaite, J. A. (2011,
Apr). Pain, catastrophizing, and depression in the rheumatic diseases. Nat Rev
Rheumatol, 7(4), 216-224. https://doi.org/10.1038/nrrheum.2011.2
Edwards, R. R., Dolman, A. J., Martel, M. O., Finan, P. H., Lazaridou, A., Cornelius, M.,
& Wasan, A. D. (2016a, Jul 13). Variability in conditioned pain modulation
predicts response to NSAID treatment in patients with knee osteoarthritis. BMC
Musculoskelet Disord, 17, 284. https://doi.org/10.1186/s12891-016-1124-6
Edwards, R. R., Dworkin, R. H., Turk, D. C., Angst, M. S., Dionne, R., Freeman, R.,
Hansson, P., Haroutounian, S., Arendt-Nielsen, L., Attal, N., Baron, R., Brell, J.,
Bujanover, S., Burke, L. B., Carr, D., Chappell, A. S., Cowan, P., Etropolski, M.,
Fillingim, R. B., Gewandter, J. S., Katz, N. P., Kopecky, E. A., Markman, J. D.,
Nomikos, G., Porter, L., Rappaport, B. A., Rice, A. S., Scavone, J. M., Scholz, J.,
Simon, L. S., Smith, S. M., Tobias, J., Tockarshewsky, T., Veasley, C., Versavel,
M., Wasan, A. D., Wen, W., & Yarnitsky, D. (2016b, Sep). Patient phenotyping in
clinical trials of chronic pain treatments: IMMPACT recommendations. Pain,
157(9), 1851-1871. https://doi.org/10.1097/j.pain.0000000000000602
Edwards, R. R., Smith, M. T., Stonerock, G., & Haythornthwaite, J. A. (2006b, Oct).
Pain-related catastrophizing in healthy women is associated with greater
temporal summation of and reduced habituation to thermal pain. Clin J Pain,
22(8), 730-737. https://doi.org/10.1097/01.ajp.0000210914.72794.bc
Ellingson, L. D., Colbert, L. H., & Cook, D. B. (2012a, Jul). Physical activity is related to
pain sensitivity in healthy women. Med Sci Sports Exerc, 44(7), 1401-1406.
https://doi.org/10.1249/MSS.0b013e318248f648
Ellingson, L. D., Koltyn, K. F., Kim, J. S., & Cook, D. B. (2014, Mar). Does exercise
induce hypoalgesia through conditioned pain modulation? Psychophysiology,
51(3), 267-276. https://doi.org/10.1111/psyp.12168
Ellingson, L. D., Shields, M. R., Stegner, A. J., & Cook, D. B. (2012b, Feb). Physical
activity, sustained sedentary behavior, and pain modulation in women with
fibromyalgia. J Pain, 13(2), 195-206. https://doi.org/10.1016/j.jpain.2011.11.001
Ellingson, L. D., Shields, M. R., Stegner, A. J., & Cook, D. B. (2012c). Physical activity,
sustained sedentary behavior, and pain modulation in women with fibromyalgia.
The Journal of Pain: Official Journal of the American Pain Society, 13(2), 195206. https://doi.org/10.1016/j.jpain.2011.11.001
Ellingson, L. D., Stegner, A. J., Schwabacher, I. J., Koltyn, K. F., & Cook, D. B. (2016,
Feb 26). Exercise Strengthens Central Nervous System Modulation of Pain in
Fibromyalgia. Brain Sci, 6(1). https://doi.org/10.3390/brainsci6010008

185
Engel, G. L. (1977, Apr 8). The need for a new medical model: a challenge for
biomedicine. Science, 196(4286), 129-136.
https://doi.org/10.1126/science.847460
Enoka, R. M., & Duchateau, J. (2008, Jan 1). Muscle fatigue: what, why and how it
influences muscle function. J Physiol, 586(1), 11-23.
https://doi.org/10.1113/jphysiol.2007.139477
Enoka, R. M., & Duchateau, J. (2016, Nov). Translating Fatigue to Human Performance.
Med Sci Sports Exerc, 48(11), 2228-2238.
https://doi.org/10.1249/MSS.0000000000000929
Ericsson, A., Bremell, T., & Mannerkorpi, K. (2013, Jul). Usefulness of multiple
dimensions of fatigue in fibromyalgia. J Rehabil Med, 45(7), 685-693.
https://doi.org/10.2340/16501977-1161
Ericsson, A., Palstam, A., Larsson, A., Lofgren, M., Bileviciute-Ljungar, I., Bjersing, J.,
Gerdle, B., Kosek, E., & Mannerkorpi, K. (2016, Jul 30). Resistance exercise
improves physical fatigue in women with fibromyalgia: a randomized controlled
trial. Arthritis Res Ther, 18, 176. https://doi.org/10.1186/s13075-016-1073-3
Farrar, J. T., Young, J. P., Jr., LaMoreaux, L., Werth, J. L., & Poole, R. M. (2001, Nov).
Clinical importance of changes in chronic pain intensity measured on an 11-point
numerical pain rating scale. Pain, 94(2), 149-158. https://doi.org/10.1016/s03043959(01)00349-9
Feher, J. (2017). Skeletal Muscle Mechanics. In Quantitative Human Physiology: An
Introduction (2nd ed.). Academic Press.
Fernandes, J. F. T., Lamb, K. L., & Twist, C. (2019, May 29). Exercise-Induced Muscle
Damage and Recovery in Young and Middle-Aged Males with Different
Resistance Training Experience. Sports (Basel), 7(6).
https://doi.org/10.3390/sports7060132
Fillingim, R. B. (2017a, Apr). Individual Differences in Pain: Understanding the Mosaic
that Makes Pain Personal. Pain, 158(Suppl 1), S11-18.
https://doi.org/10.1097/j.pain.0000000000000775
Fillingim, R. B. (2017b, Apr). Individual differences in pain: understanding the mosaic
that makes pain personal. Pain, 158 Suppl 1(Suppl 1), S11-S18.
https://doi.org/10.1097/j.pain.0000000000000775
Fillingim, R. B., Loeser, J. D., Baron, R., & Edwards, R. R. (2016a). Assessment of
Chronic Pain: Domains, Methods, and Mechanisms. The Journal of Pain, 17(9),
T20. https://doi.org/10.1016/j.jpain.2015.08.010
Fillingim, R. B., Loeser, J. D., Baron, R., & Edwards, R. R. (2016b, Sep). Assessment of
Chronic Pain: Domains, Methods, and Mechanisms. J Pain, 17(9 Suppl), T10-20.
https://doi.org/10.1016/j.jpain.2015.08.010

186
Fitts, R. H. (2003, Apr). Effects of regular exercise training on skeletal muscle contractile
function. Am J Phys Med Rehabil, 82(4), 320-331.
https://doi.org/10.1097/01.PHM.0000059336.40487.9C
Flann, K. L., LaStayo, P. C., McClain, D. A., Hazel, M., & Lindstedt, S. L. (2011, Feb 15).
Muscle damage and muscle remodeling: no pain, no gain? J Exp Biol, 214(Pt 4),
674-679. https://doi.org/10.1242/jeb.050112
Franchi, M. V., Reeves, N. D., & Narici, M. V. (2017). Skeletal Muscle Remodeling in
Response to Eccentric vs. Concentric Loading: Morphological, Molecular, and
Metabolic Adaptations. Front Physiol, 8, 447.
https://doi.org/10.3389/fphys.2017.00447
Freedson, P. S., Melanson, E., & Sirard, J. (1998, May). Calibration of the Computer
Science and Applications, Inc. accelerometer. Med Sci Sports Exerc, 30(5), 777781. https://doi.org/10.1097/00005768-199805000-00021
Frey-Law, L. A., Bohr, N. L., Sluka, K. A., Herr, K., Clark, C. R., Noiseux, N. O.,
Callaghan, J. J., Zimmerman, M. B., & Rakel, B. A. (2016, Sep). Pain sensitivity
profiles in patients with advanced knee osteoarthritis. Pain, 157(9), 1988-1999.
https://doi.org/10.1097/j.pain.0000000000000603
Frey Law, L. A., Evans, S., Knudtson, J., Nus, S., Scholl, K., & Sluka, K. A. (2008, Aug).
Massage reduces pain perception and hyperalgesia in experimental muscle pain:
a randomized, controlled trial. J Pain, 9(8), 714-721.
https://doi.org/10.1016/j.jpain.2008.03.009
Frey Law, L. A., Lee, J. E., McMullen, T. R., & Xia, T. (2010, Dec). Relationships
between maximum holding time and ratings of pain and exertion differ for static
and dynamic tasks. Appl Ergon, 42(1), 9-15.
https://doi.org/10.1016/j.apergo.2010.03.007
Frontera, W. R., & Ochala, J. (2015, Mar). Skeletal muscle: a brief review of structure
and function. Calcif Tissue Int, 96(3), 183-195. https://doi.org/10.1007/s00223014-9915-y
Galvez-Sanchez, C. M., Montoro, C. I., Duschek, S., & Del Paso, G. A. R. (2020, Jul).
Pain catastrophizing mediates the negative influence of pain and trait-anxiety on
health-related quality of life in fibromyalgia. Qual Life Res, 29(7), 1871-1881.
https://doi.org/10.1007/s11136-020-02457-x
Gandevia, S. C. (2001, Oct). Spinal and supraspinal factors in human muscle fatigue.
Physiol Rev, 81(4), 1725-1789. https://doi.org/10.1152/physrev.2001.81.4.1725
Garamszegi, L. Z. (2006). Comparing effect sizes across variables: generalization
without the need for Bonferroni correction. Behavioral Ecology, 17(4), 682-687.
https://doi.org/10.1093/beheco/ark005
Garber, C. E., Blissmer, B., Deschenes, M. R., Franklin, B. A., Lamonte, M. J., Lee, I.
M., Nieman, D. C., Swain, D. P., & American College of Sports, M. (2011, Jul).
American College of Sports Medicine position stand. Quantity and quality of

187
exercise for developing and maintaining cardiorespiratory, musculoskeletal, and
neuromotor fitness in apparently healthy adults: guidance for prescribing
exercise. Med Sci Sports Exerc, 43(7), 1334-1359.
https://doi.org/10.1249/MSS.0b013e318213fefb
Gaskin, D. J., & Richard, P. (2012, Aug). The economic costs of pain in the United
States. J Pain, 13(8), 715-724. https://doi.org/10.1016/j.jpain.2012.03.009
Gavi, M. B., Vassalo, D. V., Amaral, F. T., Macedo, D. C., Gava, P. L., Dantas, E. M., &
Valim, V. (2014). Strengthening exercises improve symptoms and quality of life
but do not change autonomic modulation in fibromyalgia: a randomized clinical
trial. PloS One, 9(3), e90767. https://doi.org/10.1371/journal.pone.0090767
Ge, H. Y., Nie, H., Graven-Nielsen, T., Danneskiold-Samsoe, B., & Arendt-Nielsen, L.
(2012, Feb). Descending pain modulation and its interaction with peripheral
sensitization following sustained isometric muscle contraction in fibromyalgia. Eur
J Pain, 16(2), 196-203. https://doi.org/10.1016/j.ejpain.2011.06.008
Geneen, L. J., Moore, R. A., Clarke, C., Martin, D., Colvin, L. A., & Smith, B. H. (2017,
Jan 14). Physical activity and exercise for chronic pain in adults: an overview of
Cochrane Reviews. Cochrane Database Syst Rev, 1, CD011279.
https://doi.org/10.1002/14651858.CD011279.pub2
George, S. Z., Dover, G. C., & Fillingim, R. B. (2007, Jan). Fear of pain influences
outcomes after exercise-induced delayed onset muscle soreness at the shoulder.
Clin J Pain, 23(1), 76-84. https://doi.org/10.1097/01.ajp.0000210949.19429.34
Georgopoulos, V., Akin-Akinyosoye, K., Zhang, W., McWilliams, D. F., Hendrick, P., &
Walsh, D. A. (2019, Sep). Quantitative sensory testing and predicting outcomes
for musculoskeletal pain, disability, and negative affect: a systematic review and
meta-analysis. Pain, 160(9), 1920-1932.
https://doi.org/10.1097/j.pain.0000000000001590
Gerber, J. P., Marcus, R. L., Dibble, L. E., Greis, P. E., Burks, R. T., & Lastayo, P. C.
(2007, Jan). Safety, feasibility, and efficacy of negative work exercise via
eccentric muscle activity following anterior cruciate ligament reconstruction. J
Orthop Sports Phys Ther, 37(1), 10-18. https://doi.org/10.2519/jospt.2007.2362
Gerhardt, A., Eich, W., Treede, R. D., & Tesarz, J. (2017, Mar). Conditioned pain
modulation in patients with nonspecific chronic back pain with chronic local pain,
chronic widespread pain, and fibromyalgia. Pain, 158(3), 430-439.
https://doi.org/10.1097/j.pain.0000000000000777
Gerhardt, A., Hartmann, M., Tesarz, J., Janke, S., Leisner, S., Seidler, G., & Eich, W.
(2012, Aug 3). Subgroups of musculoskeletal pain patients and their
psychobiological patterns - the LOGIN study protocol. BMC Musculoskelet
Disord, 13, 136. https://doi.org/10.1186/1471-2474-13-136
Giesecke, T., Williams, D. A., Harris, R. E., Cupps, T. R., Tian, X., Tian, T. X., Gracely,
R. H., & Clauw, D. J. (2003, Oct). Subgrouping of fibromyalgia patients on the

188
basis of pressure-pain thresholds and psychological factors. Arthritis Rheum,
48(10), 2916-2922. https://doi.org/10.1002/art.11272
Goldenberg, D. L., Burckhardt, C., & Crofford, L. (2004, Nov 17). Management of
fibromyalgia syndrome. Jama, 292(19), 2388-2395.
https://doi.org/10.1001/jama.292.19.2388
Goldenberg, D. L., Clauw, D. J., Palmer, R. E., & Clair, A. G. (2016, May). Opioid Use in
Fibromyalgia: A Cautionary Tale. Mayo Clin Proc, 91(5), 640-648.
https://doi.org/10.1016/j.mayocp.2016.02.002
Goodin, B. R., McGuire, L., Allshouse, M., Stapleton, L., Haythornthwaite, J. A., Burns,
N., Mayes, L. A., & Edwards, R. R. (2009, Feb). Associations between
catastrophizing and endogenous pain-inhibitory processes: sex differences. J
Pain, 10(2), 180-190. https://doi.org/10.1016/j.jpain.2008.08.012
Goubert, D., Danneels, L., Cagnie, B., Van Oosterwijck, J., Kolba, K., Noyez, H., &
Meeus, M. (2015a, Nov). Effect of Pain Induction or Pain Reduction on
Conditioned Pain Modulation in Adults: A Systematic Review. Pain Pract, 15(8),
765-777. https://doi.org/10.1111/papr.12241
Goubert, D., Danneels, L., Cagnie, B., Van Oosterwijck, J., Kolba, K., Noyez, H., &
Meeus, M. (2015b). Effect of Pain Induction or Pain Reduction on Conditioned
Pain Modulation in Adults: A Systematic Review. Pain Practice: The Official
Journal of World Institute of Pain, 15(8), 765-777.
https://doi.org/10.1111/papr.12241
Gowans, S. E., & deHueck, A. (2004, Mar). Effectiveness of exercise in management of
fibromyalgia. Curr Opin Rheumatol, 16(2), 138-142.
https://doi.org/10.1097/00002281-200403000-00012
Gracely, R. H., Petzke, F., Wolf, J. M., & Clauw, D. J. (2002, May). Functional magnetic
resonance imaging evidence of augmented pain processing in fibromyalgia.
Arthritis Rheum, 46(5), 1333-1343. https://doi.org/10.1002/art.10225
Granot, M., Weissman-Fogel, I., Crispel, Y., Pud, D., Granovsky, Y., Sprecher, E., &
Yarnitsky, D. (2008, May). Determinants of endogenous analgesia magnitude in
a diffuse noxious inhibitory control (DNIC) paradigm: do conditioning stimulus
painfulness, gender and personality variables matter? Pain, 136(1-2), 142-149.
https://doi.org/10.1016/j.pain.2007.06.029
Gregory, N. S., Whitley, P. E., & Sluka, K. A. (2015). Effect of Intramuscular Protons,
Lactate, and ATP on Muscle Hyperalgesia in Rats. PloS One, 10(9), e0138576.
https://doi.org/10.1371/journal.pone.0138576
Häkkinen, A., Häkkinen, K., Hannonen, P., & Alen, M. (2000). Force production capacity
and acute neuromuscular responses to fatiguing loading in women with
fibromyalgia are not different from those of healthy women. The Journal of
Rheumatology, 27(5), 1277-1282.

189
Harris, R. E., & Clauw, D. J. (2006, Dec). How do we know that the pain in fibromyalgia
is "real"? Curr Pain Headache Rep, 10(6), 403-407.
https://doi.org/10.1007/s11916-006-0069-0
Harris, R. E., & Clauw, D. J. (2012, Jun 29). Imaging central neurochemical alterations in
chronic pain with proton magnetic resonance spectroscopy. Neurosci Lett,
520(2), 192-196. https://doi.org/10.1016/j.neulet.2012.03.042
Harris, R. E., Williams, D. A., McLean, S. A., Sen, A., Hufford, M., Gendreau, R. M.,
Gracely, R. H., & Clauw, D. J. (2005, Nov). Characterization and consequences
of pain variability in individuals with fibromyalgia. Arthritis Rheum, 52(11), 36703674. https://doi.org/10.1002/art.21407
Hauser, W., Klose, P., Langhorst, J., Moradi, B., Steinbach, M., Schiltenwolf, M., &
Busch, A. (2010a). Efficacy of different types of aerobic exercise in fibromyalgia
syndrome: a systematic review and meta-analysis of randomised controlled trials.
Arthritis Res Ther, 12(3), R79. https://doi.org/10.1186/ar3002
Hauser, W., Kuhn-Becker, H., von Wilmoswky, H., Settan, M., Brahler, E., & Petzke, F.
(2011, Apr). Demographic and clinical features of patients with fibromyalgia
syndrome of different settings: a gender comparison. Gend Med, 8(2), 116-125.
https://doi.org/10.1016/j.genm.2011.03.002
Hauser, W., Perrot, S., Clauw, D. J., & Fitzcharles, M. A. (2018, Feb). Unravelling
Fibromyalgia-Steps Toward Individualized Management. J Pain, 19(2), 125-134.
https://doi.org/10.1016/j.jpain.2017.08.009
Hauser, W., Thieme, K., & Turk, D. C. (2010b, Jan). Guidelines on the management of
fibromyalgia syndrome - a systematic review. Eur J Pain, 14(1), 5-10.
https://doi.org/10.1016/j.ejpain.2009.01.006
Hody, S., Croisier, J. L., Bury, T., Rogister, B., & Leprince, P. (2019). Eccentric Muscle
Contractions: Risks and Benefits. Front Physiol, 10, 536.
https://doi.org/10.3389/fphys.2019.00536
Hoeger Bement, M., & Sluka, K. (2016). Exercise-induced hypoalgesia: An Evidencebased review. In S. KA (Ed.), Pain Mechanisms and Management for the
Physical Therapist. Philadelphia (pp. 177-202). Wolters Kluwer.
Hoeger Bement, M. K., Dicapo, J., Rasiarmos, R., & Hunter, S. K. (2008, Nov). Dose
response of isometric contractions on pain perception in healthy adults. Med Sci
Sports Exerc, 40(11), 1880-1889.
https://doi.org/10.1249/MSS.0b013e31817eeecc
Hoeger Bement, M. K., Weyer, A., Hartley, S., Drewek, B., Harkins, A. L., & Hunter, S.
K. (2011a, Jan). Pain perception after isometric exercise in women with
fibromyalgia. Arch Phys Med Rehabil, 92(1), 89-95.
https://doi.org/10.1016/j.apmr.2010.10.006
Hoeger Bement, M. K., Weyer, A., Hartley, S., Drewek, B., Harkins, A. L., & Hunter, S.
K. (2011b). Pain perception after isometric exercise in women with fibromyalgia.

190
Archives of Physical Medicine and Rehabilitation, 92(1), 89-95.
https://doi.org/10.1016/j.apmr.2010.10.006
Hoeger Bement, M. K., Weyer, A., Hartley, S., Yoon, T., & Hunter, S. K. (2009, Mar 13).
Fatiguing exercise attenuates pain-induced corticomotor excitability. Neurosci
Lett, 452(2), 209-213. https://doi.org/10.1016/j.neulet.2009.01.038
Hoffman, M. D., Shepanski, M. A., Ruble, S. B., Valic, Z., Buckwalter, J. B., & Clifford, P.
S. (2004, Jul). Intensity and duration threshold for aerobic exercise-induced
analgesia to pressure pain. Arch Phys Med Rehabil, 85(7), 1183-1187.
https://doi.org/10.1016/j.apmr.2003.09.010
Hollander, D. B., Worley, J. R., Asoodeh, M., Wakesa, D., Magnuson, M., Dantzler, D.
K., Didier, J. J., & Kraemer, R. R. (2017, May). Comparison of Resistance
Exercise Perceived Exertion and Muscle Activation at Varied Submaximal
Durations, Loads, and Muscle Actions. J Strength Cond Res, 31(5), 1387-1394.
https://doi.org/10.1519/jsc.0000000000001290
Hoppeler, H. (2016). Moderate Load Eccentric Exercise; A Distinct Novel Training
Modality. Front Physiol, 7, 483. https://doi.org/10.3389/fphys.2016.00483
Hoppeler, H. (2019). Eccentric Exercise: Physiology and application in sport and
rehabilitation (Routledge, Ed. 1 ed.) [Text]. Routledge.
https://doi.org/9781138695221
Horn, M. E., Alappattu, M. J., Gay, C. W., & Bishop, M. (2014). Fear of severe pain
mediates sex differences in pain sensitivity responses to thermal stimuli. Pain
Res Treat, 2014, 897953. https://doi.org/10.1155/2014/897953
Hortobágyi, T. (2003, May). The positives of negatives: clinical implications of eccentric
resistance exercise in old adults. J Gerontol A Biol Sci Med Sci, 58(5), M417418. https://doi.org/10.1093/gerona/58.5.m417
Hosseinzadeh, M., Andersen, O. K., Arendt-Nielsen, L., & Madeleine, P. (2013, Oct).
Pain sensitivity is normalized after a repeated bout of eccentric exercise. Eur J
Appl Physiol, 113(10), 2595-2602. https://doi.org/10.1007/s00421-013-2701-0
Hosseinzadeh, M., Samani, A., Andersen, O. K., Nosaka, K., Arendt-Nielsen, L., &
Madeleine, P. (2015, Nov). Ipsilateral resistance exercise prevents exerciseinduced central sensitization in the contralateral limb: a randomized controlled
trial. Eur J Appl Physiol, 115(11), 2253-2262. https://doi.org/10.1007/s00421015-3205-x
Hotfiel, T., Freiwald, J., Hoppe, M. W., Lutter, C., Forst, R., Grim, C., Bloch, W., Huttel,
M., & Heiss, R. (2018, Dec). Advances in Delayed-Onset Muscle Soreness
(DOMS): Part I: Pathogenesis and Diagnostics. Sportverletz Sportschaden,
32(4), 243-250. https://doi.org/10.1055/a-0753-1884 (Delayed Onset Muscle
Soreness - Teil I: Pathogenese und Diagnostik.)
Hunter, S. B., David A. (2017). Muscle: The Ultimate Force Generator in the Body. In
Kinesiology of the Musculoskeletal System (Vol. 3). Elsevier.

191

Hunter, S. K. (2018, Jul 2). Performance Fatigability: Mechanisms and Task Specificity.
Cold Spring Harb Perspect Med, 8(7).
https://doi.org/10.1101/cshperspect.a029728
Hureau, T. J., Romer, L. M., & Amann, M. (2018, Feb). The 'sensory tolerance limit': A
hypothetical construct determining exercise performance? Eur J Sport Sci, 18(1),
13-24. https://doi.org/10.1080/17461391.2016.1252428
Ichesco, E., Puiu, T., Hampson, J. P., Kairys, A. E., Clauw, D. J., Harte, S. E., Peltier, S.
J., Harris, R. E., & Schmidt-Wilcke, T. (2016, Aug). Altered fMRI resting-state
connectivity in individuals with fibromyalgia on acute pain stimulation. Eur J Pain,
20(7), 1079-1089. https://doi.org/10.1002/ejp.832
Jacobsen, S., Wildschiodtz, G., & Danneskiold-Samsoe, B. (1991, Sep). Isokinetic and
isometric muscle strength combined with transcutaneous electrical muscle
stimulation in primary fibromyalgia syndrome. J Rheumatol, 18(9), 1390-1393.
https://www.ncbi.nlm.nih.gov/pubmed/1757942
Jensen, M. P., Moore, M. R., Bockow, T. B., Ehde, D. M., & Engel, J. M. (2011, Jan).
Psychosocial factors and adjustment to chronic pain in persons with physical
disabilities: a systematic review. Arch Phys Med Rehabil, 92(1), 146-160.
https://doi.org/10.1016/j.apmr.2010.09.021
Jones, K. D., Adams, D., Winters-Stone, K., & Burckhardt, C. S. (2006, Sep 25). A
comprehensive review of 46 exercise treatment studies in fibromyalgia (19882005). Health Qual Life Outcomes, 4, 67. https://doi.org/10.1186/1477-7525-4-67
Jones, K. D., & Liptan, G. L. (2009, May). Exercise interventions in fibromyalgia: clinical
applications from the evidence. Rheum Dis Clin North Am, 35(2), 373-391.
https://doi.org/10.1016/j.rdc.2009.05.004
Jones, M. D., Valenzuela, T., Booth, J., Taylor, J. L., & Barry, B. K. (2017, Nov). Explicit
Education About Exercise-Induced Hypoalgesia Influences Pain Responses to
Acute Exercise in Healthy Adults: A Randomized Controlled Trial. J Pain, 18(11),
1409-1416. https://doi.org/10.1016/j.jpain.2017.07.006
Julien, N., Goffaux, P., Arsenault, P., & Marchand, S. (2005, Mar). Widespread pain in
fibromyalgia is related to a deficit of endogenous pain inhibition. Pain, 114(1-2),
295-302. https://doi.org/10.1016/j.pain.2004.12.032
Kadetoff, D., & Kosek, E. (2007, Jan). The effects of static muscular contraction on blood
pressure, heart rate, pain ratings and pressure pain thresholds in healthy
individuals and patients with fibromyalgia. Eur J Pain, 11(1), 39-47.
https://doi.org/10.1016/j.ejpain.2005.12.013
Kim, J., Loggia, M. L., Cahalan, C. M., Harris, R. E., Beissner, F. D. P. N., Garcia, R. G.,
Kim, H., Wasan, A. D., Edwards, R. R., & Napadow, V. (2015, May). The
somatosensory link in fibromyalgia: functional connectivity of the primary
somatosensory cortex is altered by sustained pain and is associated with

192
clinical/autonomic dysfunction. Arthritis Rheumatol, 67(5), 1395-1405.
https://doi.org/10.1002/art.39043
Kingsley, J. D., Panton, L. B., McMillan, V., & Figueroa, A. (2009, Sep). Cardiovascular
autonomic modulation after acute resistance exercise in women with
fibromyalgia. Arch Phys Med Rehabil, 90(9), 1628-1634.
https://doi.org/10.1016/j.apmr.2009.02.023
Kluger, B. M., Krupp, L. B., & Enoka, R. M. (2013, Jan 22). Fatigue and fatigability in
neurologic illnesses: proposal for a unified taxonomy. Neurology, 80(4), 409-416.
https://doi.org/10.1212/WNL.0b013e31827f07be
Kodesh, E., & Weissman-Fogel, I. (2014, Jul). Exercise-induced hypoalgesia - interval
versus continuous mode. Appl Physiol Nutr Metab, 39(7), 829-834.
https://doi.org/10.1139/apnm-2013-0481
Koltyn, K. F. (2002a). Exercise-induced hypoalgesia and intensity of exercise. Sports
Medicine (Auckland, N.Z.), 32(8), 477-487.
Koltyn, K. F. (2002b). Exercise-induced hypoalgesia and intensity of exercise. Sports
Med, 32(8), 477-487. https://doi.org/10.2165/00007256-200232080-00001
Koltyn, K. F., & Arbogast, R. W. (1998, Mar). Perception of pain after resistance
exercise. Br J Sports Med, 32(1), 20-24. https://doi.org/10.1136/bjsm.32.1.20
Koltyn, K. F., Brellenthin, A. G., Cook, D. B., Sehgal, N., & Hillard, C. (2014, Dec).
Mechanisms of exercise-induced hypoalgesia. J Pain, 15(12), 1294-1304.
https://doi.org/10.1016/j.jpain.2014.09.006
Kosek, E., Ekholm, J., & Hansson, P. (1996, Mar). Modulation of pressure pain
thresholds during and following isometric contraction in patients with fibromyalgia
and in healthy controls. Pain, 64(3), 415-423. https://doi.org/10.1016/03043959(95)00112-3
Kosek, E., & Lundberg, L. (2003). Segmental and plurisegmental modulation of pressure
pain thresholds during static muscle contractions in healthy individuals. Eur J
Pain, 7(3), 251-258. https://doi.org/10.1016/S1090-3801(02)00124-6
Krupp, L. B., & Pollina, D. A. (1996, Dec). Mechanisms and management of fatigue in
progressive neurological disorders. Curr Opin Neurol, 9(6), 456-460.
https://doi.org/10.1097/00019052-199612000-00011
Kufel, T. J., Pineda, L. A., & Mador, M. J. (2002, Mar). Comparison of potentiated and
unpotentiated twitches as an index of muscle fatigue. Muscle Nerve, 25(3), 438444. https://doi.org/10.1002/mus.10047
Lacasse, A., Bourgault, P., & Choiniere, M. (2016, Apr 16). Fibromyalgia-related costs
and loss of productivity: a substantial societal burden. BMC Musculoskelet
Disord, 17, 168. https://doi.org/10.1186/s12891-016-1027-6

193
Lai, J. S., Cella, D., Choi, S., Junghaenel, D. U., Christodoulou, C., Gershon, R., &
Stone, A. (2011, Oct). How item banks and their application can influence
measurement practice in rehabilitation medicine: a PROMIS fatigue item bank
example. Arch Phys Med Rehabil, 92(10 Suppl), S20-27.
https://doi.org/10.1016/j.apmr.2010.08.033
Landmark, T., Romundstad, P., Borchgrevink, P. C., Kaasa, S., & Dale, O. (2011, Oct).
Associations between recreational exercise and chronic pain in the general
population: evidence from the HUNT 3 study. Pain, 152(10), 2241-2247.
https://doi.org/10.1016/j.pain.2011.04.029
Landmark, T., Romundstad, P. R., Borchgrevink, P. C., Kaasa, S., & Dale, O. (2013).
Longitudinal associations between exercise and pain in the general population-the HUNT pain study. PloS One, 8(6), e65279.
https://doi.org/10.1371/journal.pone.0065279
Lannersten, L., & Kosek, E. (2010, Oct). Dysfunction of endogenous pain inhibition
during exercise with painful muscles in patients with shoulder myalgia and
fibromyalgia. Pain, 151(1), 77-86. https://doi.org/10.1016/j.pain.2010.06.021
Larsson, A., Palstam, A., Lofgren, M., Ernberg, M., Bjersing, J., Bileviciute-Ljungar, I.,
Gerdle, B., Kosek, E., & Mannerkorpi, K. (2015, Jun 18). Resistance exercise
improves muscle strength, health status and pain intensity in fibromyalgia--a
randomized controlled trial. Arthritis Res Ther, 17, 161.
https://doi.org/10.1186/s13075-015-0679-1
Larsson, A., Palstam, A., Lofgren, M., Ernberg, M., Bjersing, J., Bileviciute-Ljungar, I.,
Gerdle, B., Kosek, E., & Mannerkorpi, K. (2017, Nov 21). Pain and fear
avoidance partially mediate change in muscle strength during resistance exercise
in women with fibromyalgia. J Rehabil Med, 49(9), 744-750.
https://doi.org/10.2340/16501977-2278
LaStayo, P. C., Ewy, G. A., Pierotti, D. D., Johns, R. K., & Lindstedt, S. (2003, May). The
positive effects of negative work: increased muscle strength and decreased fall
risk in a frail elderly population. J Gerontol A Biol Sci Med Sci, 58(5), M419-424.
https://doi.org/10.1093/gerona/58.5.m419
Lastayo, P. C., Larsen, S., Smith, S., Dibble, L., & Marcus, R. (2010, Jul-Sep). The
feasibility and efficacy of eccentric exercise with older cancer survivors: a
preliminary study. J Geriatr Phys Ther, 33(3), 135-140.
Lastayo, P. C., Reich, T. E., Urquhart, M., Hoppeler, H., & Lindstedt, S. L. (1999, Feb).
Chronic eccentric exercise: improvements in muscle strength can occur with little
demand for oxygen. Am J Physiol, 276(2), R611-615.
https://doi.org/10.1152/ajpregu.1999.276.2.R611
Laurin, J., Pertici, V., Dousset, E., Marqueste, T., & Decherchi, P. (2015, Apr 2). Group
III and IV muscle afferents: role on central motor drive and clinical implications.
Neuroscience, 290, 543-551. https://doi.org/10.1016/j.neuroscience.2015.01.065

194
Lavender, A. P., & Nosaka, K. (2008, Jun). A light load eccentric exercise confers
protection against a subsequent bout of more demanding eccentric exercise. J
Sci Med Sport, 11(3), 291-298. https://doi.org/10.1016/j.jsams.2007.03.005
Law, L. F., & Sluka, K. A. (2017, Mar). How does physical activity modulate pain? Pain,
158(3), 369-370. https://doi.org/10.1097/j.pain.0000000000000792
Lemley, K. J., Hunter, S. K., & Bement, M. K. (2015a, Jan). Conditioned pain modulation
predicts exercise-induced hypoalgesia in healthy adults. Med Sci Sports Exerc,
47(1), 176-184. https://doi.org/10.1249/MSS.0000000000000381
Lemley, K. J., Hunter, S. K., & Bement, M. K. H. (2015b). Conditioned pain modulation
predicts exercise-induced hypoalgesia in healthy adults. Medicine and Science in
Sports and Exercise, 47(1), 176-184.
https://doi.org/10.1249/MSS.0000000000000381
Lewis, G. N., Rice, D. A., & McNair, P. J. (2012a, Oct). Conditioned pain modulation in
populations with chronic pain: a systematic review and meta-analysis. J Pain,
13(10), 936-944. https://doi.org/10.1016/j.jpain.2012.07.005
Lewis, G. N., Rice, D. A., & McNair, P. J. (2012b). Conditioned pain modulation in
populations with chronic pain: a systematic review and meta-analysis. The
Journal of Pain: Official Journal of the American Pain Society, 13(10), 936-944.
https://doi.org/10.1016/j.jpain.2012.07.005
Lewis, P. B., Ruby, D., & Bush-Joseph, C. A. (2012c, Apr). Muscle soreness and
delayed-onset muscle soreness. Clin Sports Med, 31(2), 255-262.
https://doi.org/10.1016/j.csm.2011.09.009
Lima, L. V., Abner, T. S. S., & Sluka, K. A. (2017, Jul 1). Does exercise increase or
decrease pain? Central mechanisms underlying these two phenomena. J
Physiol, 595(13), 4141-4150. https://doi.org/10.1113/JP273355
Lind, E., Ekkekakis, P., & Vazou, S. (2008, May). The affective impact of exercise
intensity that slightly exceeds the preferred level: 'pain' for no additional 'gain'. J
Health Psychol, 13(4), 464-468. https://doi.org/10.1177/1359105308088517
Loevinger, B. L., Muller, D., Alonso, C., & Coe, C. L. (2007, Jan). Metabolic syndrome in
women with chronic pain. Metabolism, 56(1), 87-93.
https://doi.org/10.1016/j.metabol.2006.09.001
Lopez-Sola, M., Pujol, J., Wager, T. D., Garcia-Fontanals, A., Blanco-Hinojo, L., GarciaBlanco, S., Poca-Dias, V., Harrison, B. J., Contreras-Rodriguez, O., Monfort, J.,
Garcia-Fructuoso, F., & Deus, J. (2014, Nov). Altered functional magnetic
resonance imaging responses to nonpainful sensory stimulation in fibromyalgia
patients. Arthritis Rheumatol, 66(11), 3200-3209.
https://doi.org/10.1002/art.38781
Macfarlane, G. J., Kronisch, C., Dean, L. E., Atzeni, F., Hauser, W., Fluss, E., Choy, E.,
Kosek, E., Amris, K., Branco, J., Dincer, F., Leino-Arjas, P., Longley, K.,
McCarthy, G. M., Makri, S., Perrot, S., Sarzi-Puttini, P., Taylor, A., & Jones, G. T.

195
(2017, Feb). EULAR revised recommendations for the management of
fibromyalgia. Ann Rheum Dis, 76(2), 318-328.
https://doi.org/10.1136/annrheumdis-2016-209724
MacIntosh, B. R., Holash, R. J., & Renaud, J. M. (2012, May 1). Skeletal muscle fatigue-regulation of excitation-contraction coupling to avoid metabolic catastrophe. J
Cell Sci, 125(Pt 9), 2105-2114. https://doi.org/10.1242/jcs.093674
MacIntyre DL , e. a. (2019). Markers of inflammation and myofibrillar proteins following
eccentric exercise in humans. - PubMed - NCBI. European Journal of Applied
Physiology, 84(3), 180-186. https://0-www-ncbi-nlm-nihgov.libus.csd.mu.edu/pubmed/11320633
MacIntyre, D. L., Reid, W. D., & McKenzie, D. C. (1995, Jul). Delayed muscle soreness.
The inflammatory response to muscle injury and its clinical implications. Sports
Med, 20(1), 24-40. https://doi.org/10.2165/00007256-199520010-00003
Mackey, I. G., Dixon, E. A., Johnson, K., & Kong, J. T. (2017, Feb 16). Dynamic
Quantitative Sensory Testing to Characterize Central Pain Processing. J Vis
Exp(120). https://doi.org/10.3791/54452
Madeleine, P., Jorgensen, L. V., Sogaard, K., Arendt-Nielsen, L., & Sjogaard, G. (2002,
May). Development of muscle fatigue as assessed by electromyography and
mechanomyography during continuous and intermittent low-force contractions:
effects of the feedback mode. Eur J Appl Physiol, 87(1), 28-37.
https://doi.org/10.1007/s00421-002-0578-4
Magalhaes, M. O., Costa, L. O., Cabral, C. M., & Machado, L. A. (2012, Jun). Attitudes
and beliefs of Brazilian physical therapists about chronic low back pain: a crosssectional study. Rev Bras Fisioter, 16(3), 248-253. https://doi.org/10.1590/s141335552012005000014
Mastaglia, F. L. (2012, Dec). The relationship between muscle pain and fatigue.
Neuromuscul Disord, 22 Suppl 3, S178-180.
https://doi.org/10.1016/j.nmd.2012.10.003
Mastrangelo, F., Frydas, I., Ronconi, G., Kritas, S. K., Tettamanti, L., Caraffa, A., C, D.
O., Younes, A., Gallenga, C. E., & Conti, P. (2018, Mar-Apr). Low-grade chronic
inflammation mediated by mast cells in fibromyalgia: role of IL-37. J Biol Regul
Homeost Agents, 32(2), 195-198.
https://www.ncbi.nlm.nih.gov/pubmed/29684996
McBeth, J., Nicholl, B. I., Cordingley, L., Davies, K. A., & Macfarlane, G. J. (2010, Oct).
Chronic widespread pain predicts physical inactivity: results from the prospective
EPIFUND study. Eur J Pain, 14(9), 972-979.
https://doi.org/10.1016/j.ejpain.2010.03.005
McHugh, M. P. (2003, Apr). Recent advances in the understanding of the repeated bout
effect: the protective effect against muscle damage from a single bout of
eccentric exercise. Scand J Med Sci Sports, 13(2), 88-97.
https://doi.org/10.1034/j.1600-0838.2003.02477.x

196

McHugh, M. P., Connolly, D. A., Eston, R. G., & Gleim, G. W. (1999, Mar). Exerciseinduced muscle damage and potential mechanisms for the repeated bout effect.
Sports Med, 27(3), 157-170. http://dx.doi.org/
McLoughlin, M. J., Colbert, L. H., Stegner, A. J., & Cook, D. B. (2011, May). Are women
with fibromyalgia less physically active than healthy women? Med Sci Sports
Exerc, 43(5), 905-912. https://doi.org/10.1249/MSS.0b013e3181fca1ea
Meeus, M., Hermans, L., Ickmans, K., Struyf, F., Van Cauwenbergh, D., Bronckaerts, L.,
De Clerck, L. S., Moorken, G., Hans, G., Grosemans, S., & Nijs, J. (2015, Feb).
Endogenous pain modulation in response to exercise in patients with rheumatoid
arthritis, patients with chronic fatigue syndrome and comorbid fibromyalgia, and
healthy controls: a double-blind randomized controlled trial. Pain Pract, 15(2), 98106. https://doi.org/10.1111/papr.12181
Melia, M., Geissler, B., Konig, J., Ottersbach, H. J., Umbreit, M., Letzel, S., & Muttray, A.
(2019, Jan). Pressure pain thresholds: Subject factors and the meaning of peak
pressures. Eur J Pain, 23(1), 167-182. https://doi.org/10.1002/ejp.1298
Melzack, R. (1987, Aug). The short-form McGill Pain Questionnaire. Pain, 30(2), 191197. https://doi.org/10.1016/0304-3959(87)91074-8
Mengshoel, A. M., Vollestad, N. K., & Forre, O. (1995, Jul-Aug). Pain and fatigue
induced by exercise in fibromyalgia patients and sedentary healthy subjects. Clin
Exp Rheumatol, 13(4), 477-482. https://www.ncbi.nlm.nih.gov/pubmed/7586780
Mense, S. (2008, Mar). Muscle pain: mechanisms and clinical significance. Dtsch Arztebl
Int, 105(12), 214-219. https://doi.org/10.3238/artzebl.2008.0214
Mense, S. (2010). Functional anatomy of muscle: muscle, nociceptors and afferent
fibers. In S. Mense & R. Gerwin (Eds.), Muscle Pain: Understanding the
Mechanisms (pp. 17-48). Springer.
Meriwether, R. A., McMahon, P. M., Islam, N., & Steinmann, W. C. (2006, Dec). Physical
activity assessment: validation of a clinical assessment tool. Am J Prev Med,
31(6), 484-491. https://doi.org/10.1016/j.amepre.2006.08.021
Merriwether, E. N., Frey-Law, L. A., Rakel, B. A., Zimmerman, M. B., Dailey, D. L.,
Vance, C. G. T., Golchha, M., Geasland, K. M., Chimenti, R., Crofford, L. J., &
Sluka, K. A. (2018). Physical activity is related to function and fatigue but not pain
in women with fibromyalgia: baseline analyses from the Fibromyalgia Activity
Study with TENS (FAST). In Arthritis Res Ther (Vol. 20).
https://doi.org/10.1186/s13075-018-1671-3
Messlinger, K. (1996, 1996). Functional morphology of nociceptive and other fine
sensory endings (free nerve endings) in different tissues. Prog Brain Res, 113,
273-298. https://doi.org/10.1016/s0079-6123(08)61094-8
Migueles, J. H., Cadenas-Sanchez, C., Ekelund, U., Delisle Nystrom, C., MoraGonzalez, J., Lof, M., Labayen, I., Ruiz, J. R., & Ortega, F. B. (2017, Sep).

197
Accelerometer Data Collection and Processing Criteria to Assess Physical
Activity and Other Outcomes: A Systematic Review and Practical Considerations.
Sports Med, 47(9), 1821-1845. https://doi.org/10.1007/s40279-017-0716-0
Millet, G. Y., Martin, V., Martin, A., & Verges, S. (2011, Oct). Electrical stimulation for
testing neuromuscular function: from sport to pathology. Eur J Appl Physiol,
111(10), 2489-2500. https://doi.org/10.1007/s00421-011-1996-y
Munneke, W., Ickmans, K., & Voogt, L. (2020, Jul). The Association of Psychosocial
Factors and Exercise-Induced Hypoalgesia in Healthy People and People With
Musculoskeletal Pain: A Systematic Review. Pain Pract, 20(6), 676-694.
https://doi.org/10.1111/papr.12894
Nahman-Averbuch, H., Nir, R. R., Sprecher, E., & Yarnitsky, D. (2016, Jun).
Psychological Factors and Conditioned Pain Modulation: A Meta-Analysis. Clin J
Pain, 32(6), 541-554. https://doi.org/10.1097/AJP.0000000000000296
Naugle, K., & Riley, r. J. (2014a). Self-reported Physical Activity Predicts Pain Inhibitory
and Facilitatory Function. Medicine & Science in Sports & Exercise, 46(3), 622629. https://doi.org/10.1249/MSS.0b013e3182a69cf1
Naugle, K. M., Fillingim, R. B., & Riley, J. L. (2012a). A meta-analytic review of the
hypoalgesic effects of exercise. The Journal of Pain: Official Journal of the
American Pain Society, 13(12), 1139-1150.
https://doi.org/10.1016/j.jpain.2012.09.006
Naugle, K. M., Fillingim, R. B., & Riley, J. L., 3rd. (2012b, Dec). A meta-analytic review
of the hypoalgesic effects of exercise. J Pain, 13(12), 1139-1150.
https://doi.org/10.1016/j.jpain.2012.09.006
Naugle, K. M., Naugle, K. E., Fillingim, R. B., & Riley, J. L. (2014a). Isometric exercise
as a test of pain modulation: effects of experimental pain test, psychological
variables, and sex. Pain Medicine (Malden, Mass.), 15(4), 692-701.
https://doi.org/10.1111/pme.12312
Naugle, K. M., Naugle, K. E., Fillingim, R. B., & Riley, J. L., 3rd. (2014b, Apr). Isometric
exercise as a test of pain modulation: effects of experimental pain test,
psychological variables, and sex. Pain Med, 15(4), 692-701.
https://doi.org/10.1111/pme.12312
Naugle, K. M., Naugle, K. E., Fillingim, R. B., Samuels, B., & Riley, J. L., 3rd. (2014c,
Apr). Intensity thresholds for aerobic exercise-induced hypoalgesia. Med Sci
Sports Exerc, 46(4), 817-825. https://doi.org/10.1249/MSS.0000000000000143
Naugle, K. M., Naugle, K. E., & Riley, J. L., 3rd. (2016, Jun). Reduced Modulation of
Pain in Older Adults After Isometric and Aerobic Exercise. J Pain, 17(6), 719728. https://doi.org/10.1016/j.jpain.2016.02.013
Naugle, K. M., Ohlman, T., Naugle, K. E., Riley, Z. A., & Keith, N. R. (2017). Physical
activity behavior predicts endogenous pain modulation in older adults. Pain,
158(3), 383-390. https://doi.org/10.1097/j.pain.0000000000000769

198

Naugle, K. M., & Riley, J. L., 3rd. (2014b, Mar). Self-reported physical activity predicts
pain inhibitory and facilitatory function. Med Sci Sports Exerc, 46(3), 622-629.
https://doi.org/10.1249/MSS.0b013e3182a69cf1
Newcomb, L. W., Koltyn, K. F., Morgan, W. P., & Cook, D. B. (2011, Jun). Influence of
preferred versus prescribed exercise on pain in fibromyalgia. Med Sci Sports
Exerc, 43(6), 1106-1113. https://doi.org/10.1249/MSS.0b013e3182061b49
Nijs, J., Kosek, E., Van Oosterwijck, J., & Meeus, M. (2012). Dysfunctional endogenous
analgesia during exercise in patients with chronic pain: to exercise or not to
exercise? Pain Physician, 15(3 Suppl), 213.
Nijs, J., Roussel, N., Van Oosterwijck, J., De Kooning, M., Ickmans, K., Struyf, F.,
Meeus, M., & Lundberg, M. (2013, Aug). Fear of movement and avoidance
behaviour toward physical activity in chronic-fatigue syndrome and fibromyalgia:
state of the art and implications for clinical practice. Clin Rheumatol, 32(8), 11211129. https://doi.org/10.1007/s10067-013-2277-4
Nikolaidis, M. G. (2017, Jun 23). The Effects of Resistance Exercise on Muscle Damage,
Position Sense, and Blood Redox Status in Young and Elderly Individuals.
Geriatrics (Basel), 2(3). https://doi.org/10.3390/geriatrics2030020
Nir, R. R., Granovsky, Y., Yarnitsky, D., Sprecher, E., & Granot, M. (2011, May). A
psychophysical study of endogenous analgesia: the role of the conditioning pain
in the induction and magnitude of conditioned pain modulation. Eur J Pain, 15(5),
491-497. https://doi.org/10.1016/j.ejpain.2010.10.001
Nishikawa, K. C., Monroy, J. A., Uyeno, T. E., Yeo, S. H., Pai, D. K., & Lindstedt, S. L.
(2012, Mar 7). Is titin a 'winding filament'? A new twist on muscle contraction.
Proc Biol Sci, 279(1730), 981-990. https://doi.org/10.1098/rspb.2011.1304
Nosaka, K., Sakamoto, K., Newton, M., & Sacco, P. (2001, Jul). The repeated bout
effect of reduced-load eccentric exercise on elbow flexor muscle damage. Eur J
Appl Physiol, 85(1-2), 34-40. https://doi.org/10.1007/s004210100430
Oaklander, A. L., Herzog, Z. D., Downs, H. M., & Klein, M. M. (2013, Nov). Objective
evidence that small-fiber polyneuropathy underlies some illnesses currently
labeled as fibromyalgia. Pain, 154(11), 2310-2316.
https://doi.org/10.1016/j.pain.2013.06.001
Ohlman, T., Miller, L., Naugle, K. E., & Naugle, K. M. (2018, Oct). Physical Activity
Levels Predict Exercise-induced Hypoalgesia in Older Adults. Med Sci Sports
Exerc, 50(10), 2101-2109. https://doi.org/10.1249/MSS.0000000000001661
Okifuji, A., Donaldson, G. W., Barck, L., & Fine, P. G. (2010, Dec). Relationship between
fibromyalgia and obesity in pain, function, mood, and sleep. J Pain, 11(12), 13291337. https://doi.org/10.1016/j.jpain.2010.03.006

199
Painter, J. T., & Crofford, L. J. (2013, Mar). Chronic opioid use in fibromyalgia syndrome:
a clinical review. J Clin Rheumatol, 19(2), 72-77.
https://doi.org/10.1097/RHU.0b013e3182863447
Palstam, A., Larsson, A., Lofgren, M., Ernberg, M., Bjersing, J., Bileviciute-Ljungar, I.,
Gerdle, B., Kosek, E., & Mannerkorpi, K. (2016, May 21). Decrease of fear
avoidance beliefs following person-centered progressive resistance exercise
contributes to reduced pain disability in women with fibromyalgia: secondary
exploratory analyses from a randomized controlled trial. Arthritis Res Ther, 18(1),
116. https://doi.org/10.1186/s13075-016-1007-0
Park, G., Kim, C. W., Park, S. B., Kim, M. J., & Jang, S. H. (2011, Jun). Reliability and
usefulness of the pressure pain threshold measurement in patients with
myofascial pain. Ann Rehabil Med, 35(3), 412-417.
https://doi.org/10.5535/arm.2011.35.3.412
Pasquet, B., Carpentier, A., Duchateau, J., & Hainaut, K. (2000, Nov). Muscle fatigue
during concentric and eccentric contractions. Muscle Nerve, 23(11), 1727-1735.
https://doi.org/10.1002/1097-4598(200011)23:11<1727::aid-mus9>3.0.co;2-y
Paulsen, G., Mikkelsen, U. R., Raastad, T., & Peake, J. M. (2012). Leucocytes,
cytokines and satellite cells: what role do they play in muscle damage and
regeneration following eccentric exercise? Exerc Immunol Rev, 18, 42-97.
Pavlakovic, G., & Petzke, F. (2010, Dec). The role of quantitative sensory testing in the
evaluation of musculoskeletal pain conditions. Curr Rheumatol Rep, 12(6), 455461. https://doi.org/10.1007/s11926-010-0131-0
Peake, J., Nosaka, K., & Suzuki, K. (2005). Characterization of inflammatory responses
to eccentric exercise in humans. Exerc Immunol Rev, 11, 64-85.
Pearson, A. C., Moman, R. N., Moeschler, S. M., Eldrige, J. S., & Hooten, W. M. (2017).
Provider confidence in opioid prescribing and chronic pain management: results
of the Opioid Therapy Provider Survey. In J Pain Res (Vol. 10, pp. 1395-1400).
https://doi.org/10.2147/jpr.s136478
Perrot, S., Choy, E., Petersel, D., Ginovker, A., & Kramer, E. (2012, Oct 10). Survey of
physician experiences and perceptions about the diagnosis and treatment of
fibromyalgia. BMC Health Serv Res, 12, 356. https://doi.org/10.1186/1472-696312-356
Petersen, K. K., Arendt-Nielsen, L., Simonsen, O., Wilder-Smith, O., & Laursen, M. B.
(2015, Jan). Presurgical assessment of temporal summation of pain predicts the
development of chronic postoperative pain 12 months after total knee
replacement. Pain, 156(1), 55-61.
https://doi.org/10.1016/j.pain.0000000000000022
Petersen, K. K., Graven-Nielsen, T., Simonsen, O., Laursen, M. B., & Arendt-Nielsen, L.
(2016, Jul). Preoperative pain mechanisms assessed by cuff algometry are
associated with chronic postoperative pain relief after total knee replacement.
Pain, 157(7), 1400-1406. https://doi.org/10.1097/j.pain.0000000000000531

200

Polaski, A. M., Phelps, A. L., Kostek, M. C., Szucs, K. A., & Kolber, B. J. (2019).
Exercise-induced hypoalgesia: A meta-analysis of exercise dosing for the
treatment of chronic pain. PloS One, 14(1), e0210418.
https://doi.org/10.1371/journal.pone.0210418
Pollak, K. A., Swenson, J. D., Vanhaitsma, T. A., Hughen, R. W., Jo, D., White, A. T.,
Light, K. C., Schweinhardt, P., Amann, M., & Light, A. R. (2014, Feb).
Exogenously applied muscle metabolites synergistically evoke sensations of
muscle fatigue and pain in human subjects. Exp Physiol, 99(2), 368-380.
https://doi.org/10.1113/expphysiol.2013.075812
Price, D. D., & Staud, R. (2005, Aug). Neurobiology of fibromyalgia syndrome. J
Rheumatol Suppl, 75, 22-28. https://www.ncbi.nlm.nih.gov/pubmed/16078357
Price, D. D., Staud, R., Robinson, M. E., Mauderli, A. P., Cannon, R., & Vierck, C. J.
(2002). Enhanced temporal summation of second pain and its central modulation
in fibromyalgia patients. Pain, 99(1-2), 49-59.
Price, J., Rushton, A., Tyros, I., Tyros, V., & Heneghan, N. R. (2020, 06/10/2020).
Effectiveness and optimal dosage of exercise training for chronic non-specific
neck pain: A systematic review with a narrative synthesis. PloS One, 15(6),
e0234511. https://doi.org/10.1371/journal.pone.0234511
Queiroz, L. P. (2013, Aug). Worldwide epidemiology of fibromyalgia. Curr Pain
Headache Rep, 17(8), 356. https://doi.org/10.1007/s11916-013-0356-5
Queme, L. F., Ross, J. L., & Jankowski, M. P. (2017). Peripheral Mechanisms of
Ischemic Myalgia. Front Cell Neurosci, 11, 419.
https://doi.org/10.3389/fncel.2017.00419
Radák, Z. (2018). Skeletal Muscle, Function, and Muscle Fiber Types. In The Physiology
of Physical Training (1st ed.). Academic Press.
Raftery, G., Bridges, M., Heslop, P., & Walker, D. J. (2009, Jun). Are fibromyalgia
patients as inactive as they say they are? Clin Rheumatol, 28(6), 711-714.
https://doi.org/10.1007/s10067-009-1107-1
Raja, S. N., Carr, D. B., Cohen, M., Finnerup, N. B., Flor, H., Gibson, S., Keefe, F. J.,
Mogil, J. S., Ringkamp, M., Sluka, K. A., Song, X. J., Stevens, B., Sullivan, M. D.,
Tutelman, P. R., Ushida, T., & Vader, K. (2020, May 23). The revised
International Association for the Study of Pain definition of pain: concepts,
challenges, and compromises. Pain.
https://doi.org/10.1097/j.pain.0000000000001939
Relieving Pain in America: A Blueprint for Transforming Prevention, Care, Education,
and Research. (2011). National Academies Press (US).
http://www.ncbi.nlm.nih.gov/books/NBK91497/
Rice, D., Nijs, J., Kosek, E., Wideman, T., Hasenbring, M. I., Koltyn, K., Graven-Nielsen,
T., & Polli, A. (2019a, Nov). Exercise-Induced Hypoalgesia in Pain-Free and

201
Chronic Pain Populations: State of the Art and Future Directions. J Pain, 20(11),
1249-1266. https://doi.org/10.1016/j.jpain.2019.03.005
Rice, D., Nijs, J., Kosek, E., Wideman, T., Hasenbring, M. I., Koltyn, K., Graven-Nielsen,
T., & Polli, A. (2019b, Mar 20). Exercise induced hypoalgesia in pain-free and
chronic pain populations: State of the art and future directions. J Pain.
https://doi.org/10.1016/j.jpain.2019.03.005
Rolke, R., Baron, R., Maier, C., Tolle, T. R., Treede, R. D., Beyer, A., Binder, A.,
Birbaumer, N., Birklein, F., Botefur, I. C., Braune, S., Flor, H., Huge, V., Klug, R.,
Landwehrmeyer, G. B., Magerl, W., Maihofner, C., Rolko, C., Schaub, C.,
Scherens, A., Sprenger, T., Valet, M., & Wasserka, B. (2006, Aug). Quantitative
sensory testing in the German Research Network on Neuropathic Pain (DFNS):
standardized protocol and reference values. Pain, 123(3), 231-243.
https://doi.org/10.1016/j.pain.2006.01.041
Rosenberger, M. E., Haskell, W. L., Albinali, F., Mota, S., Nawyn, J., & Intille, S. (2013,
May). Estimating activity and sedentary behavior from an accelerometer on the
hip or wrist. Med Sci Sports Exerc, 45(5), 964-975.
https://doi.org/10.1249/MSS.0b013e31827f0d9c
Ross, J. L., Queme, L. F., Lamb, J. E., Green, K. J., & Jankowski, M. P. (2018, Jan 3).
Sex differences in primary muscle afferent sensitization following ischemia and
reperfusion injury. Biol Sex Differ, 9(1), 2. https://doi.org/10.1186/s13293-0170163-5
Roth, S. M., Martel, G. F., Ivey, F. M., Lemmer, J. T., Tracy, B. L., Hurlbut, D. E., Metter,
E. J., Hurley, B. F., & Rogers, M. A. (1999, Jun). Ultrastructural muscle damage
in young vs. older men after high-volume, heavy-resistance strength training. J
Appl Physiol (1985), 86(6), 1833-1840.
https://doi.org/10.1152/jappl.1999.86.6.1833
Ruggiero, L., Manganelli, F., & Santoro, L. (2018, Sep). Muscle pain syndromes and
fibromyalgia: the role of muscle biopsy. Curr Opin Support Palliat Care, 12(3),
382-387. https://doi.org/10.1097/SPC.0000000000000355
Russell, D., Alvarez Gallardo, I. C., Wilson, I., Hughes, C. M., Davison, G. W., Sanudo,
B., & McVeigh, J. G. (2018, Mar). 'Exercise to me is a scary word': perceptions of
fatigue, sleep dysfunction, and exercise in people with fibromyalgia syndrome-a
focus group study. Rheumatol Int, 38(3), 507-515.
https://doi.org/10.1007/s00296-018-3932-5
Sanudo, B., & Galiano, D. (2009, Sep-Oct). Using cardiovascular parameters and
symptom severity to prescribe physical activity in women with fibromyalgia. Clin
Exp Rheumatol, 27(5 Suppl 56), S62-66.
https://www.ncbi.nlm.nih.gov/pubmed/20074442
Schmidt-Wilcke, T., & Clauw, D. J. (2011, Jul 19). Fibromyalgia: from pathophysiology to
therapy. Nat Rev Rheumatol, 7(9), 518-527.
https://doi.org/10.1038/nrrheum.2011.98

202
Schoenfeld, B. J., Ogborn, D. I., Vigotsky, A. D., Franchi, M. V., & Krieger, J. W. (2017,
Sep). Hypertrophic Effects of Concentric vs. Eccentric Muscle Actions: A
Systematic Review and Meta-analysis. J Strength Cond Res, 31(9), 2599-2608.
https://doi.org/10.1519/JSC.0000000000001983
Schwartz, A. L., Meek, P. M., Nail, L. M., Fargo, J., Lundquist, M., Donofrio, M.,
Grainger, M., Throckmorton, T., & Mateo, M. (2002, Mar). Measurement of
fatigue. determining minimally important clinical differences. J Clin Epidemiol,
55(3), 239-244. https://doi.org/10.1016/s0895-4356(01)00469-3
Senefeld, J., Yoon, T., Bement, M. H., & Hunter, S. K. (2013, Sep). Fatigue and recovery
from dynamic contractions in men and women differ for arm and leg muscles.
Muscle Nerve, 48(3), 436-439. https://doi.org/10.1002/mus.23836
Silbernagel, K. G., Thomeé, R., Eriksson, B. I., & Karlsson, J. (2007, Jun). Continued
sports activity, using a pain-monitoring model, during rehabilitation in patients
with Achilles tendinopathy: a randomized controlled study. Am J Sports Med,
35(6), 897-906. https://doi.org/10.1177/0363546506298279
Sluka, K. A., & Clauw, D. J. (2016, Dec 3). Neurobiology of fibromyalgia and chronic
widespread pain. Neuroscience, 338, 114-129.
https://doi.org/10.1016/j.neuroscience.2016.06.006
Sluka, K. A., Frey-Law, L., & Hoeger Bement, M. (2018, Sep). Exercise-induced pain
and analgesia? Underlying mechanisms and clinical translation. Pain, 159 Suppl
1(Suppl 1), S91-S97. https://doi.org/10.1097/j.pain.0000000000001235
Smith, I. C., & Newham, D. J. (2007, Jan). Fatigue and functional performance of human
biceps muscle following concentric or eccentric contractions. J Appl Physiol
(1985), 102(1), 207-213. https://doi.org/10.1152/japplphysiol.00571.2006
Smith, S. M., Dworkin, R. H., Turk, D. C., Baron, R., Polydefkis, M., Tracey, I., Borsook,
D., Edwards, R. R., Harris, R. E., Wager, T. D., Arendt-Nielsen, L., Burke, L. B.,
Carr, D. B., Chappell, A., Farrar, J. T., Freeman, R., Gilron, I., Goli, V.,
Haeussler, J., Jensen, T., Katz, N. P., Kent, J., Kopecky, E. A., Lee, D. A.,
Maixner, W., Markman, J. D., McArthur, J. C., McDermott, M. P., Parvathenani,
L., Raja, S. N., Rappaport, B. A., Rice, A. S. C., Rowbotham, M. C., Tobias, J. K.,
Wasan, A. D., & Witter, J. (2017, Jul). The Potential Role of Sensory Testing,
Skin Biopsy, and Functional Brain Imaging as Biomarkers in Chronic Pain
Clinical Trials: IMMPACT Considerations. J Pain, 18(7), 757-777.
https://doi.org/10.1016/j.jpain.2017.02.429
Sosa-Reina, M. D., Nunez-Nagy, S., Gallego-Izquierdo, T., Pecos-Martin, D., Monserrat,
J., & Alvarez-Mon, M. (2017). Effectiveness of Therapeutic Exercise in
Fibromyalgia Syndrome: A Systematic Review and Meta-Analysis of
Randomized Clinical Trials. Biomed Res Int, 2017, 2356346.
https://doi.org/10.1155/2017/2356346
Souron, R., Nosaka, K., & Jubeau, M. (2018, Apr). Changes in central and peripheral
neuromuscular fatigue indices after concentric versus eccentric contractions of

203
the knee extensors. Eur J Appl Physiol, 118(4), 805-816.
https://doi.org/10.1007/s00421-018-3816-0
Srikuea, R., Symons, T. B., Long, D. E., Lee, J. D., Shang, Y., Chomentowski, P. J., Yu,
G., Crofford, L. J., & Peterson, C. A. (2013, Feb). Association of fibromyalgia with
altered skeletal muscle characteristics which may contribute to postexertional
fatigue in postmenopausal women. Arthritis Rheum, 65(2), 519-528.
https://doi.org/10.1002/art.37763
Staud, R. (2009, May). Abnormal pain modulation in patients with spatially distributed
chronic pain: fibromyalgia. Rheum Dis Clin North Am, 35(2), 263-274.
https://doi.org/10.1016/j.rdc.2009.05.006
Staud, R. (2010, Dec). Is it all central sensitization? Role of peripheral tissue nociception
in chronic musculoskeletal pain. Curr Rheumatol Rep, 12(6), 448-454.
https://doi.org/10.1007/s11926-010-0134-x
Staud, R. (2011, Nov-Dec). Brain imaging in fibromyalgia syndrome. Clin Exp
Rheumatol, 29(6 Suppl 69), S109-117.
https://www.ncbi.nlm.nih.gov/pubmed/22243558
Staud, R. (2012a). Abnormal endogenous pain modulation is a shared characteristic of
many chronic pain conditions. Expert Review of Neurotherapeutics, 12(5), 577585. https://doi.org/10.1586/ern.12.41
Staud, R. (2012b, May). Abnormal endogenous pain modulation is a shared
characteristic of many chronic pain conditions. Expert Rev Neurother, 12(5), 577585. https://doi.org/10.1586/ern.12.41
Staud, R., Cannon, R. C., Mauderli, A. P., Robinson, M. E., Price, D. D., & Vierck, C. J.,
Jr. (2003a, Mar). Temporal summation of pain from mechanical stimulation of
muscle tissue in normal controls and subjects with fibromyalgia syndrome. Pain,
102(1-2), 87-95. https://doi.org/10.1016/s0304-3959(02)00344-5
Staud, R., Koo, E., Robinson, M. E., & Price, D. D. (2007, Jul). Spatial summation of
mechanically evoked muscle pain and painful aftersensations in normal subjects
and fibromyalgia patients. Pain, 130(1-2), 177-187.
https://doi.org/10.1016/j.pain.2007.03.015
Staud, R., Nagel, S., Robinson, M. E., & Price, D. D. (2009). Enhanced central pain
processing of fibromyalgia patients is maintained by muscle afferent input: a
randomized, double-blind, placebo-controlled study. Pain, 145(1-2), 96-104.
https://doi.org/10.1016/j.pain.2009.05.020
Staud, R., Price, D. D., Robinson, M. E., Mauderli, A. P., & Vierck, C. J. (2004, Aug).
Maintenance of windup of second pain requires less frequent stimulation in
fibromyalgia patients compared to normal controls. Pain, 110(3), 689-696.
https://doi.org/10.1016/j.pain.2004.05.009

204
Staud, R., Robinson, M. E., & Price, D. D. (2005, Nov). Isometric exercise has opposite
effects on central pain mechanisms in fibromyalgia patients compared to normal
controls. Pain, 118(1-2), 176-184. https://doi.org/10.1016/j.pain.2005.08.007
Staud, R., Robinson, M. E., Vierck, C. J., & Price, D. D. (2003b). Diffuse noxious
inhibitory controls (DNIC) attenuate temporal summation of second pain in
normal males but not in normal females or fibromyalgia patients. Pain, 101(1-2),
167-174.
Staud, R., Robinson, M. E., Weyl, E. E., & Price, D. D. (2010, Dec). Pain variability in
fibromyalgia is related to activity and rest: role of peripheral tissue impulse input.
J Pain, 11(12), 1376-1383. https://doi.org/10.1016/j.jpain.2010.03.011
Staud, R., & Rodriguez, M. E. (2006, Feb). Mechanisms of disease: pain in fibromyalgia
syndrome. Nat Clin Pract Rheumatol, 2(2), 90-98.
https://doi.org/10.1038/ncprheum0091
Staud, R., Vierck, C. J., Cannon, R. L., Mauderli, A. P., & Price, D. D. (2001a). Abnormal
sensitization and temporal summation of second pain (wind-up) in patients with
fibromyalgia syndrome. Pain, 91(1-2), 165-175.
Staud, R., Vierck, C. J., Cannon, R. L., Mauderli, A. P., & Price, D. D. (2001b, Mar).
Abnormal sensitization and temporal summation of second pain (wind-up) in
patients with fibromyalgia syndrome. Pain, 91(1-2), 165-175.
https://doi.org/10.1016/s0304-3959(00)00432-2
Staud, R., Weyl, E. E., Riley, J. L., 3rd, & Fillingim, R. B. (2014). Slow temporal
summation of pain for assessment of central pain sensitivity and clinical pain of
fibromyalgia patients. PloS One, 9(2), e89086.
https://doi.org/10.1371/journal.pone.0089086
Stolzman, S., Danduran, M., Hunter, S. K., & Bement, M. H. (2015, Nov). Pain
Response after Maximal Aerobic Exercise in Adolescents across Weight Status.
Med Sci Sports Exerc, 47(11), 2431-2440.
https://doi.org/10.1249/MSS.0000000000000678
Stolzman, S., & Hoeger Bement, M. (2016, Jul). Lean mass predicts conditioned pain
modulation in adolescents across weight status. Eur J Pain, 20(6), 967-976.
https://doi.org/10.1002/ejp.821
Strand, L. I., Ljunggren, A. E., Bogen, B., Ask, T., & Johnsen, T. B. (2008, Oct). The
Short-Form McGill Pain Questionnaire as an outcome measure: test-retest
reliability and responsiveness to change. Eur J Pain, 12(7), 917-925.
https://doi.org/10.1016/j.ejpain.2007.12.013
Sullivan, M. J., Thorn, B., Haythornthwaite, J. A., Keefe, F., Martin, M., Bradley, L. A., &
Lefebvre, J. C. (2001, Mar). Theoretical perspectives on the relation between
catastrophizing and pain. Clin J Pain, 17(1), 52-64.
https://doi.org/10.1097/00002508-200103000-00008

205
Sullivan, M. J. L., Bishop, S. R., & Pivik, J. (1995). The pain catastrophizing scale:
development and validation. Psychological assessment, 7(4), 524.
Synnott, A., O'Keeffe, M., Bunzli, S., Dankaerts, W., O'Sullivan, P., & O'Sullivan, K.
(2015, Apr). Physiotherapists may stigmatise or feel unprepared to treat people
with low back pain and psychosocial factors that influence recovery: a systematic
review. J Physiother, 61(2), 68-76. https://doi.org/10.1016/j.jphys.2015.02.016
Tashani, O. A., Astita, R., Sharp, D., & Johnson, M. I. (2017, Aug). Body mass index and
distribution of body fat can influence sensory detection and pain sensitivity. Eur J
Pain, 21(7), 1186-1196. https://doi.org/10.1002/ejp.1019
Taylor, J. L., Amann, M., Duchateau, J., Meeusen, R., & Rice, C. L. (2016, Nov). Neural
Contributions to Muscle Fatigue: From the Brain to the Muscle and Back Again.
Med Sci Sports Exerc, 48(11), 2294-2306.
https://doi.org/10.1249/MSS.0000000000000923
Taylor, J. L., & Gandevia, S. C. (2008, Feb). A comparison of central aspects of fatigue
in submaximal and maximal voluntary contractions. J Appl Physiol (1985),
104(2), 542-550. https://doi.org/10.1152/japplphysiol.01053.2007
Tkachuk, G. A., & Harris, C. A. (2012, Oct). Psychometric properties of the Tampa Scale
for Kinesiophobia-11 (TSK-11). J Pain, 13(10), 970-977.
https://doi.org/10.1016/j.jpain.2012.07.001
Treede, R. D., Rief, W., Barke, A., Aziz, Q., Bennett, M. I., Benoliel, R., Cohen, M.,
Evers, S., Finnerup, N. B., First, M. B., Giamberardino, M. A., Kaasa, S., Korwisi,
B., Kosek, E., Lavandʼhomme, P., Nicholas, M., Perrot, S., Scholz, J., Schug, S.,
Smith, B. H., Svensson, P., Vlaeyen, J. W. S., & Wang, S. J. (2019, Jan).
Chronic pain as a symptom or a disease: the IASP Classification of Chronic Pain
for the International Classification of Diseases (ICD-11). Pain, 160(1), 19-27.
https://doi.org/10.1097/j.pain.0000000000001384
Turk, D. C. (2005a). The potential of treatment matching for subgroups of patients with
chronic pain: lumping versus splitting. The Clinical Journal of Pain, 21(1), 72.
Turk, D. C. (2005b, Jan-Feb). The potential of treatment matching for subgroups of
patients with chronic pain: lumping versus splitting. Clin J Pain, 21(1), 44-55;
discussion 69-72. https://doi.org/10.1097/00002508-200501000-00006
Turk, D. C., & Adams, L. M. (2016, May). Using a biopsychosocial perspective in the
treatment of fibromyalgia patients. Pain Manag, 6(4), 357-369.
https://doi.org/10.2217/pmt-2016-0003
Turk, D. C., Robinson, J. P., & Burwinkle, T. (2004, Nov). Prevalence of fear of pain and
activity in patients with fibromyalgia syndrome. J Pain, 5(9), 483-490.
https://doi.org/10.1016/j.jpain.2004.08.002
Turk, D. C., Rudy, T. E., & Sorkin, B. A. (1993, Apr). Neglected topics in chronic pain
treatment outcome studies: determination of success. Pain, 53(1), 3-16.
https://doi.org/10.1016/0304-3959(93)90049-u

206

Uddin, Z., & MacDermid, J. C. (2016, Sep). Quantitative Sensory Testing in Chronic
Musculoskeletal Pain. Pain Med, 17(9), 1694-1703.
https://doi.org/10.1093/pm/pnv105
Vaegter, H. B., & Graven-Nielsen, T. (2016, Jul). Pain modulatory phenotypes
differentiate subgroups with different clinical and experimental pain sensitivity.
Pain, 157(7), 1480-1488. https://doi.org/10.1097/j.pain.0000000000000543
Vaegter, H. B., Handberg, G., & Graven-Nielsen, T. (2014, Jan). Similarities between
exercise-induced hypoalgesia and conditioned pain modulation in humans. Pain,
155(1), 158-167. https://doi.org/10.1016/j.pain.2013.09.023
Vaegter, H. B., Handberg, G., & Graven-Nielsen, T. (2015a, Aug). Isometric exercises
reduce temporal summation of pressure pain in humans. Eur J Pain, 19(7), 973983. https://doi.org/10.1002/ejp.623
Vaegter, H. B., Handberg, G., & Graven-Nielsen, T. (2016, Jan). Hypoalgesia After
Exercise and the Cold Pressor Test is Reduced in Chronic Musculoskeletal Pain
Patients With High Pain Sensitivity. Clin J Pain, 32(1), 58-69.
https://doi.org/10.1097/AJP.0000000000000223
Vaegter, H. B., Handberg, G., Jorgensen, M. N., Kinly, A., & Graven-Nielsen, T. (2015b,
May). Aerobic exercise and cold pressor test induce hypoalgesia in active and
inactive men and women. Pain Med, 16(5), 923-933.
https://doi.org/10.1111/pme.12641
Vaegter, H. B., Hoeger Bement, M., Madsen, A. B., Fridriksson, J., Dasa, M., & GravenNielsen, T. (2017a, Jan). Exercise increases pressure pain tolerance but not
pressure and heat pain thresholds in healthy young men. Eur J Pain, 21(1), 7381. https://doi.org/10.1002/ejp.901
Vaegter, H. B., Lyng, K. D., Yttereng, F. W., Christensen, M. H., Sorensen, M. B., &
Graven-Nielsen, T. (2019, Jan 1). Exercise-Induced Hypoalgesia After Isometric
Wall Squat Exercise: A Test-Retest Reliabilty Study. Pain Med, 20(1), 129-137.
https://doi.org/10.1093/pm/pny087
Vaegter, H. B., Madsen, A. B., Handberg, G., & Graven-Nielsen, T. (2017b, Oct 28).
Kinesiophobia is associated with pain intensity but not pain sensitivity before and
after exercise: an explorative analysis. Physiotherapy.
https://doi.org/10.1016/j.physio.2017.10.001
Vaegter, H. B., Madsen, A. B., Handberg, G., & Graven-Nielsen, T. (2018, Jun).
Kinesiophobia is associated with pain intensity but not pain sensitivity before and
after exercise: an explorative analysis. Physiotherapy, 104(2), 187-193.
https://doi.org/10.1016/j.physio.2017.10.001
van Koulil, S., van Lankveld, W., Kraaimaat, F. W., van Helmond, T., Vedder, A., van
Hoorn, H., Donders, R., de Jong, A. J., Haverman, J. F., Korff, K. J., van Riel, P.
L., Cats, H. A., & Evers, A. W. (2010, Oct). Tailored cognitive-behavioral therapy

207
and exercise training for high-risk patients with fibromyalgia. Arthritis Care Res
(Hoboken), 62(10), 1377-1385. https://doi.org/10.1002/acr.20268
Vierck, C. J., Jr., Staud, R., Price, D. D., Cannon, R. L., Mauderli, A. P., & Martin, A. D.
(2001a, Dec). The effect of maximal exercise on temporal summation of second
pain (windup) in patients with fibromyalgia syndrome. J Pain, 2(6), 334-344.
https://doi.org/10.1054/jpai.2001.25533
Vierck, C. J., Staud, R., Price, D. D., Cannon, R. L., Mauderli, A. P., & Martin, A. D.
(2001b). The effect of maximal exercise on temporal summation of second pain
(windup) in patients with fibromyalgia syndrome. The Journal of Pain: Official
Journal of the American Pain Society, 2(6), 334-344.
https://doi.org/10.1054/jpai.2001.25533
Vincent, A., Benzo, R. P., Whipple, M. O., McAllister, S. J., Erwin, P. J., & Saligan, L. N.
(2013a, 2013). Beyond pain in fibromyalgia: insights into the symptom of fatigue.
Arthritis Res Ther, 15(6), 221. https://doi.org/10.1186/ar4395
Vincent, A., Lahr, B. D., Wolfe, F., Clauw, D. J., Whipple, M. O., Oh, T. H., Barton, D. L.,
& St Sauver, J. (2013b, May). Prevalence of fibromyalgia: a population-based
study in Olmsted County, Minnesota, utilizing the Rochester Epidemiology
Project. Arthritis Care Res (Hoboken), 65(5), 786-792.
https://doi.org/10.1002/acr.21896
Vollestad, N. K. (1997, Jun 27). Measurement of human muscle fatigue. J Neurosci
Methods, 74(2), 219-227. https://doi.org/10.1016/s0165-0270(97)02251-6
Walitt, B., Nahin, R. L., Katz, R. S., Bergman, M. J., & Wolfe, F. (2015). The Prevalence
and Characteristics of Fibromyalgia in the 2012 National Health Interview Survey.
PloS One, 10(9), e0138024. https://doi.org/10.1371/journal.pone.0138024
Waller, R., Straker, L., O'Sullivan, P., Sterling, M., & Smith, A. (2015, Oct 1). Reliability
of pressure pain threshold testing in healthy pain free young adults. Scand J
Pain, 9(1), 38-41. https://doi.org/10.1016/j.sjpain.2015.05.004
Weissman-Fogel, I., Sprecher, E., & Pud, D. (2008a). Effects of catastrophizing on pain
perception and pain modulation. Experimental Brain Research, 186(1), 79-85.
https://doi.org/10.1007/s00221-007-1206-7
Weissman-Fogel, I., Sprecher, E., & Pud, D. (2008b, Mar). Effects of catastrophizing on
pain perception and pain modulation. Exp Brain Res, 186(1), 79-85.
https://doi.org/10.1007/s00221-007-1206-7
Westerblad, H., Allen, D. G., Bruton, J. D., Andrade, F. H., & Lannergren, J. (1998, Mar).
Mechanisms underlying the reduction of isometric force in skeletal muscle
fatigue. Acta Physiol Scand, 162(3), 253-260. https://doi.org/10.1046/j.1365201X.1998.0301f.x
Wewege, M. A., & Jones, M. D. (2020, Jun 26). Exercise-Induced Hypoalgesia in
Healthy Individuals and People With Chronic Musculoskeletal Pain: A Systematic
Review and Meta-Analysis. J Pain. https://doi.org/10.1016/j.jpain.2020.04.003

208

Woby, S. R., Roach, N. K., Urmston, M., & Watson, P. J. (2005, Sep). Psychometric
properties of the TSK-11: a shortened version of the Tampa Scale for
Kinesiophobia. Pain, 117(1-2), 137-144.
https://doi.org/10.1016/j.pain.2005.05.029
Wolfe, F. (2009, Jun 15). Fibromyalgianess. Arthritis Rheum, 61(6), 715-716.
https://doi.org/10.1002/art.24553
Wolfe, F., Brahler, E., Hinz, A., & Hauser, W. (2013, May). Fibromyalgia prevalence,
somatic symptom reporting, and the dimensionality of polysymptomatic distress:
results from a survey of the general population. Arthritis Care Res (Hoboken),
65(5), 777-785. https://doi.org/10.1002/acr.21931
Wolfe, F., Clauw, D. J., Fitzcharles, M.-A., Goldenberg, D. L., Häuser, W., Katz, R. S.,
Mease, P., Russell, A. S., Russell, I. J., & Winfield, J. B. (2011a). Fibromyalgia
criteria and severity scales for clinical and epidemiological studies: a modification
of the ACR Preliminary Diagnostic Criteria for Fibromyalgia. The Journal of
Rheumatology, 38(6), 1113-1122. https://doi.org/10.3899/jrheum.100594
Wolfe, F., Clauw, D. J., Fitzcharles, M.-A., Goldenberg, D. L., Katz, R. S., Mease, P.,
Russell, A. S., Russell, I. J., Winfield, J. B., & Yunus, M. B. (2010a). The
American College of Rheumatology Preliminary Diagnostic Criteria for
Fibromyalgia and Measurement of Symptom Severity. Arthritis Care & Research,
62(5), 600-610. https://doi.org/10.1002/acr.20140
Wolfe, F., Clauw, D. J., Fitzcharles, M. A., Goldenberg, D. L., Hauser, W., Katz, R. L.,
Mease, P. J., Russell, A. S., Russell, I. J., & Walitt, B. (2016, Dec). 2016
Revisions to the 2010/2011 fibromyalgia diagnostic criteria. Semin Arthritis
Rheum, 46(3), 319-329. https://doi.org/10.1016/j.semarthrit.2016.08.012
Wolfe, F., Clauw, D. J., Fitzcharles, M. A., Goldenberg, D. L., Hauser, W., Katz, R. S.,
Mease, P., Russell, A. S., Russell, I. J., & Winfield, J. B. (2011b, Jun).
Fibromyalgia criteria and severity scales for clinical and epidemiological studies:
a modification of the ACR Preliminary Diagnostic Criteria for Fibromyalgia. J
Rheumatol, 38(6), 1113-1122. https://doi.org/10.3899/jrheum.100594
Wolfe, F., Clauw, D. J., Fitzcharles, M. A., Goldenberg, D. L., Katz, R. S., Mease, P.,
Russell, A. S., Russell, I. J., Winfield, J. B., & Yunus, M. B. (2010b, May). The
American College of Rheumatology preliminary diagnostic criteria for
fibromyalgia and measurement of symptom severity. Arthritis Care Res
(Hoboken), 62(5), 600-610. https://doi.org/10.1002/acr.20140
Wolfe, F., Hawley, D. J., & Wilson, K. (1996, Aug). The prevalence and meaning of
fatigue in rheumatic disease. J Rheumatol, 23(8), 1407-1417.
https://www.ncbi.nlm.nih.gov/pubmed/8856621
Wolfe, F., Ross, K., Anderson, J., Russell, I. J., & Hebert, L. (1995, Jan). The prevalence
and characteristics of fibromyalgia in the general population. Arthritis Rheum,
38(1), 19-28. https://doi.org/10.1002/art.1780380104

209
Wolfe, F., Smythe, H. A., Yunus, M. B., Bennett, R. M., Bombardier, C., Goldenberg, D.
L., Tugwell, P., Campbell, S. M., Abeles, M., Clark, P., & et al. (1990, Feb). The
American College of Rheumatology 1990 Criteria for the Classification of
Fibromyalgia. Report of the Multicenter Criteria Committee. Arthritis Rheum,
33(2), 160-172. https://doi.org/10.1002/art.1780330203
Woolf, C. J. (2011, Mar). Central sensitization: implications for the diagnosis and
treatment of pain. Pain, 152(3 Suppl), S2-15.
https://doi.org/10.1016/j.pain.2010.09.030
Yarnitsky, D. (2010, Oct). Conditioned pain modulation (the diffuse noxious inhibitory
control-like effect): its relevance for acute and chronic pain states. Curr Opin
Anaesthesiol, 23(5), 611-615. https://doi.org/10.1097/ACO.0b013e32833c348b
Yarnitsky, D. (2015, Apr). Role of endogenous pain modulation in chronic pain
mechanisms and treatment. Pain, 156 Suppl 1, S24-31.
https://doi.org/10.1097/01.j.pain.0000460343.46847.58
Yarnitsky, D., Bouhassira, D., Drewes, A. M., Fillingim, R. B., Granot, M., Hansson, P.,
Landau, R., Marchand, S., Matre, D., Nilsen, K. B., Stubhaug, A., Treede, R. D.,
& Wilder-Smith, O. H. (2015, Jul). Recommendations on practice of conditioned
pain modulation (CPM) testing. Eur J Pain, 19(6), 805-806.
https://doi.org/10.1002/ejp.605
Yoon, T., Schlinder-Delap, B., & Hunter, S. K. (2013, Feb). Fatigability and recovery of
arm muscles with advanced age for dynamic and isometric contractions. Exp
Gerontol, 48(2), 259-268. https://doi.org/10.1016/j.exger.2012.10.006
Yunus, M. B. (2008, Jun). Central sensitivity syndromes: a new paradigm and group
nosology for fibromyalgia and overlapping conditions, and the related issue of
disease versus illness. Semin Arthritis Rheum, 37(6), 339-352.
https://doi.org/10.1016/j.semarthrit.2007.09.003
Yunus, M. B., Arslan, S., & Aldag, J. C. (2002). Relationship between body mass index
and fibromyalgia features. Scand J Rheumatol, 31(1), 27-31.
https://doi.org/10.1080/030097402317255336
Zuo, Q., Qu, F., Li, N., Wang, S., Liu, J., Xu, C., & Yu, X. (2019, Dec). Eccentric exercise
results in a prolonged increase in interleukin-6 and tumor necrosis factor-alpha
levels in rat skeletal muscle. J Muscle Res Cell Motil, 40(3-4), 379-387.
https://doi.org/10.1007/s10974-019-09554-6

